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EXECUTIVE SUMMARY

The Arizona Department of Transportation (ADOT) has used Asphat Rubber (AR) as a
modified binder since the early 1970's. The primary purpose for usng AR is to reduce
reflective cracking in hot mix asphdt (HMA) rehabilitetion overlays. In addition to this
AR has been used to reduce maintenance, provide a smooth riding surface, with good skid
resgance. The AR mix has dso performed wel in snow and ice conditions providing a

tough surface that stands up well to snow plows.

The AR &s tested in this sudy and used in Arizona is a mixture of gpproximately 20
percent ground tire rubber (crumb rubber) made from the recycling of used or defective
tires. The ground tire rubber is added to hot paving grade asphdt a a high temperature
and mixed with a high shear mixer. The mixing time and subsequent time of materid
interaction is generdly 45 to 60 minutes. After the interaction, the hot AR product has
acquired unique dastomeric properties. The hot AR is then pumped into a conventiona
hot plant and mixed with aggregate and placed like a conventiond HMA, except for a few

sgnificant differences.

These ggnificant differences rdate to the gradation of the minerd aggregate and the
percent binder. The AR hot mix is generdly ether a ggp graded or open graded mix. The
gap graded mix contains about 7.5 percent AR binder and is placed generdly as the find
gructurd course 1.5 to 2 inches in thickness. The open graded contains generdly 9

percent binder and is placed as the find wearing course from 0.5 to 1.0 inch thick. The



mix desgns for these two mixes are typicdly of a volumetric type and little has been
published or researched about the binder or mix engineering properties in terms of the

inputs needed for the new AASHTO 2002 Pavement Design Guide.

In the spring of 2001, ADOT in cooperation with FNF Congtruction Inc. entered into a
ressarch and teding plan with Arizona State Universty (ASU). The plan involves
characterizing AR mixes and binders in order to determine their properties for future use
in the AASHTO 2002 Pavement Design Guide. An additiond part of the long-term plan is
to begin building a database to support the new 2002 Pavement Desgn Guide. This
research report represents the findings from this first project. The plan is to characterize
AR mixes from severd projects in order to represent different grades of AR binder,

different aggregates and different climates representative of Arizona.

This firg project, named Buffdo Range TI-Canyon Diablo (IM-040-D(1)P, Tracs #
H4883) is located on Interstate 40 at Mile Pogts 224.7 to 229.9, close to Window Arizona
The project eevation is approximately 5,000 feet and the region is consdered adry freeze
zone according to SHRP. Air temperatures of over 100°F occur in the summer and
temperatures below —20 degrees F occur in the winter. The Interstate truck traffic is quite
heavy and averages 2.2 million ESAL’s per year. The pavement was overlad in 1988 with
45 inches of conventiond HMA. By 2001 the pavement had 3 percent cracking and a
0.20 inches of rutting. However, these vaues are somewhat mideading Snce extensve

patching maintenance averaging $4,000 per mile were gpplied in 1998. This mantenance



activity masked the high degree of fatigue cracking and rutting. The AR overlay project
was condructed by FNF Congruction Inc. The project conssted of removing by milling
off 25 inches of the old cracked pavement full width and replacing it with 2 inches of the
AR gap graded mix followed by 05 inch of AR open graded mix. This is a reativey
routine type of rehabilitation of older cracked pavements in Arizona. The congruction
took place in June of 2000. Materids for the ARAC — Gap Graded mixture and AR-ACFC

— Open Graded mixture were collected during construction.

The focus of the laboratory experimenta program was on conducting tests that were
recommended by the NCHRP 9-19 Project. These tests dedt with recommending Simple
Performance Tests (SPT) for the evauation of asphdt mixtures. The god was to dso
compare the peformance of these AR mixtures to other conventiona asphat mixtures

that are dso being tested at ASU.

Conventional _asphdt binder tests were conducted to develop information that will

complement other mixture materia properties such as faigue cracking and permanent
deformation. The conventiond condgtency tests (penetration, softening point and
viscosty) were conducted on the Crumb Rubber Modified (CRM) binder to determine
whether there were any unique characteristics or difficulties in handling the materid.
Condgtency tests across a wide range of temperatures were conducted according to the
accepted American Society for Testing and Materials (ASTM) practices. Based on the test

results and andysis conducted in this sudy, the conventiond asphdt cement tests were



shown to be adequate in describing the viscosty-temperature susceptibility of crumb
rubber modified asphdt cement. This favorable viscosty-temperature  susceptibility
relationship adso appeared to relate to the observed field performance behavior. Such
behavior is characterized as less low temperature cracking and good resistance to

permanent deformation a high temperatures.

Triaxid Shear Strength tests were conducted at unconfined and confined conditions (three

different levels) a 100°F. These tests provided the standard cohesion and the angle of
internd  friction parameters of the mixtures The Mohr-Coulomb falure envelope was
developed for each tested mixture. In addition results from previoudy tested standard
ADOT Sdt River Base (SRB) mixture with binder PG64-22 were included in the andyss
in order to compare its properties to those obtained for the AR. The results of the cohesion
parameter showed tha the asphdt rubber open graded mix (AR-ACFC) had much lower
ressance to shearing dresses than the other two mixes. This observation must be
supported by information that the AR-ACFC is utilized as a mixture for non<ructurd
layer. For this Buffdo Range project, the AR-ACFC mix was placed as 0.5 in lift, and for
that type of goplication, the shearing dress is not so criticd. At the same time, the AR-
ACFC mix had the highest vaue of angle of internd friction, which indicaies that this
materid has the largest capacity to develop srength from the applied loads, and hence
having smdler potentid for permanent deformation. Similar results were observed for the
ARAC mixtures as it had smdler coheson than the SRB PG64-22, but dso had larger

angle of internd friction, and smdler potentia for permanent deformation.



Repeated Load and Static Creep Permanent Deformation tests were conducted at two

temperatures using unconfined and confined SPT protocols. Many test parameters were
evauated including tetiary flow (flow time and flow number of repetitions) as one of the
SPT candidates. The test results obtained were compared to results avallable a ASU for
conventiond ADOT dense graded mixtures. For both tests, the ARAC mixture indicated
superior performance, much higher resstance to permanent deformation compared to the
sandard ADOT SRB PG64-22 mixture. The AR-ACFC mix generdly showed lower
resstance to permanent deformation compared to the other tested mixtures. The poor
performance was atributed to the lack of adequate laboratory confinement level applied,
which does not represent the levd of confinement that the materid experiences in the
fidd. In addition, few test specimens for the ARAC gap graded mix were prepared at
lower ar void content (7%) than that reported in the field (11%). The ar voids variation
test results showed that the ARAC mix compacted to 7% ar voids would have much
better performance and less potentiad for permanent deformation than the same mixture
compacted to 11% ar voids. Therefore, fild compaction consderaions should be
caefully evauated for this mixture. Overdl, the permanent deformation test results were
promising, in that utilizing the SPT candidate tests were able to verify the known fied

performance of the agphalt rubber mixtures,

Dynamic Complex Modulus (E*) tests were dso conducted at unconfined and confined

conditions (three different levels), and the E* master curves were developed for each

mixture. The E* test results for the AR mixes were compared with conventiona dense



graded mixtures test results avallable from previous studies a Arizona State Universty. A
modular (E*) ratio was cdculated for adl mixtures usng a conventiond PG 64-22 mixture
as a reference. A comparison of the modular ratios was done a 14°F and 100°F, for a
sdlected test frequency of 10 Hz. For the unconfined tedts, a 14°F, the AR exhibited the
lowest modular ratio (lowest iffness), and therefore the best desrable performance
agangt cracking. At 100°F, the AR mixtures had compardively the lowest giffness
vadues. However, when the comparison of the ratios was made using the confined test
results, the AR mixtures showed higher ratios (modulus vaues), and therefore, the best
peformance agangt permanent deformation. Since the performance of the AR mixtures
have been remarkable in the fied, these results showed the importance of using confined
laboratory tests when comparing the performance of open graded to dense graded

mixtures.

The AR mixes were dso subjected to faigue and indirect tendle cracking tests. The

results were compared to data and test results available a ASU for ADOT conventiona
dense graded mixtures. The goad was to sart developing a database of typicd ADOT AR
mixture cracking (fatigue and therma) properties and parameters for their use in the

implementation of the new AASHTO 2002 Design Guide.

Congant Strain_Fatigue tests were conducted at different test temperatures using the beam

fatigue apparatus proposed by the Strategic Highway Research Program (SHRP). The

faigue modds developed for the AR mixtures in this sudy had excdlent measures of



accuracy and were rationd in that lower fatigue life was obtained as the test temperature
decreased. Furthermore, a comparison was made of the faigue life obtained for the AR
mixes with an ADOT PG 76-16 conventiond dense graded mix. The fatigue life was
found to be higher for asphdt rubber mixes compared to the conventiond PG 76-16. The
comparison was done a 70°F and a 50% reduction of initid stiffness for dl mixtures The
ARAC mix resulted in gpproximatdy 3 times grester fatigue life than the conventiond
mix. On the other hand, the AR-ACFC mix resulted in 15 times gregter fatigue life than
the conventiond mix. These order of magnitudes of faigue life for the three mixtures
were rationd consdering that the PG 76-16 mix had 4.20% binder content whereas the

ARAC and AR-ACFC mixtures had 6.8% and 8.8%, respectively.

Both indirect tendle cracking tests (Strength and Creep) were @rried out according to the

procedure described in the draft indirect tensile tests protocol for the AASHTO 2002
Design Guide. The tests were carried out a three temperatures: 32, 14 and 5'F. The results
of dran a falure showed that the AR-ACFC and ARAC mixes had higher vaues than
the SRB PG64-22 mix. Mixtures with higher drain a falure have higher ressance to
theemd cracking. The results of energy until falure and fracture energy from the indirect
tendle drength test, as well as the results of the creep compliance from the indirect tensile
creep test indicated that AR mixtures, and especidly the AR-ACFC mix, ae not sendtive
to decrease in temperature compared to the SRB PG64-22 mixture. Both AR mixtures had

higher energy vaues, which were indicative of more resstant to therma cracking.

Vi
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1. INTRODUCTION

1.1. Background

The Arizona Department of Trangportation (ADOT) has used Asphdt Rubber (AR) as a
modified binder since the early 1970's (). The primary purpose for usng AR is to reduce
reflective cracking in hot mix agphdt (HMA) rehabilitation overlays (2,3). In addition to
this AR has been used to reduce maintenance, provide a smooth riding surface, with good
skid resgance. The AR mix has dso peformed wel in snow and ice conditions providing
a tough surface that sands up wdl to snow plows. Recently AR mixes have been

recognized as a means of reducing the tire/ pavement interface noise (4).

The AR as tesed in this sudy and used in Arizona is a mixture of goproximately 20
percent ground tire rubber (crumb rubber) made from the recycling of used or defective
tires. The ground tire rubber is added to hot paving grade asphdt a a high temperature
and mixed with a high shear mixer. The mixing time and subsequent time of meaterid
interaction is generdly 45 to 60 minutes (). After the interaction the hot AR product has
acquired unique dastomeric properties. The hot AR is then pumped into a conventiona
hot plant and mixed with aggregete and placed like a conventiona HMA, except for a few

ggnificant differences.

These dgnificant differences reate to the gradation of the minerd aggregate and the
percent binder. The AR hot mix is generdly either a gap graded or open graded mix. The
gap graded mix contains about 7.5 percent AR binder and is placed generaly as the find

dructurd course 1.5 to 2 inches in thickness. The open graded contains generdly 9
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percent binder and is placed as the final wearing course from 0.5 to 1.0 inch thick. The
mix desgns for these two mixes are typicdly of a volumetric type and little has been
published or researched about the binder or mix engineering properties in terms of the

inputs needed for the new AASHTO 2002 Pavement Design Guide.

In the spring of 2001, ADOT in cooperation with FNF Congruction Inc. entered into a
research and testing plan with Arizona State Univergty (ASU). The plan involves
characterizing AR mixes in order to determine ther properties for future use in the
AASHTO 2002 Pavement Desgn Guide. An additiond pat of the long-term plan is to
begin building a database to support the new 2002 Pavement Design Guide. This research
report represents the findings from this first project. The plan is to characterize AR mixes
from severd proects in order to represent different grades of AR binder, different

aggregates and different climates representative of Arizona.

This firg project, named Buffdo Range TI-Canyon Diablo (IM-040-D(1)P, Tracs #
H4883) is located on Interstate 40 at Mile Posts 224.7 to 229.9, close to Window Arizona
as shown in Fgure 1 (6). The project devation is goproximatey 5,000 feet and the region
is conddered a dry freeze zone according to SHRP (7). Air temperatures of over 100°F
occur in the summer and temperatures below —20 degrees F occur in the winter. The
Interstate truck traffic is quite heavy and averages 2.2 million ESAL’s per year. The
pavement was overlad in 1988 with 45 inches of conventiond HMA. By 2001 the
pavement had 3 percent cracking and a 0.20 inches of rutting @). However, these vaues

are somewha mideading snce extensve patching maintenance averaging $4,000 per mile
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were goplied in 1998. This maintenance activity masked the high degree of fatigue
cracking and rutting. The AR overlay project was constructed by FNF Congtruction Inc.
The project conssted of removing by milling off 2.5 inches of the old cracked pavement
full width and replacing it with 2 inches of the AR gap graded mix followed by 0.5 inch of
AR open graded mix. A typicd section for this project is shown in Figure 2. This is a
relativdly routine type of rehabilitation of older cracked pavements in Arizona The
congtruction took place in June of 2000. A change order was entered into between ADOT
and FNF wherein FNF would sub-contract with ASU to provide specid testing of the two

AR mixes.

ASPHALT-RUBBER PROJECT MAP
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Fgure 1. Locdization of the Buffao Range TI-Canyon Diablo Project
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TYPICAL SECTION
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Figure 2. Typica Section for the Buffao Range TI-Canyon Diablo Project (6)
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1.2. ASU Research Program

In the lagt few years, the Depatment of Civil and Environmentad Engineering a Arizona
Stae Universty has been involved with saverd mgor asphat mixtures characterization
dudies. These dudies include the nationdly recognized Nationd Cooperative Highway
Research Program (NCHRP) 9-19 project, under the leadership of Professor Matthew
Witczak. The project deals with the development of Smple Performance Tests (SPT) for
pemanent deformation and cracking potentid evduation of asphdt mixtures.
Furthermore, in July 1999, a long-range asphat pavement research program was darted
with ADOT. The research program has the ultimate god in implementing a methodology
for Perfformance Related Specifications for asphdt pavements, and developing typicd
desgn input parameters for locad conditions. Both of the above sudies incorporated
severd mixture types, however, none of them incduded AR mixes, which are becoming

widdy used in the State of Arizona.

1.3. Study Objective

The objectives of this AR study are to conduct a laboratory experimenta program to
obtain typicd engineering materid properties for asphalt rubber mixtures used in Arizong;
and to compare the peformance of these AR mixtures to other conventiond asphalt
mixtures that are being tested at ASU. The testing of the AR open graded is the firgt of its

kind to date and creasted many testing chalenges.
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1.4. Scope of the Work

Approximately 1000 pounds of samples from each of the two mixes were taken in five
galon buckets from eastbound direction during congtruction by FNF Congtruction, Inc. In
addition to these, cores of the two AR compacted mixes were taken to determine the in-
place air voids. The air voids from the cores are shown n Table 1. The reference air voids
for the AR gap graded mix was selected to be 11% and for the AR open graded mix 18%.

Plugs and beams were compacted to these air void values as close as practical.

Data obtaned from tests of these mixtures were summarized in Soreadsheets.  The
oreadsheet contained information such as binder information, aggregates, volumetric mix
properties, and the results of the advanced dynamic materid characterization tests. These
tests include:

Triaxid shear drength of the mixtures.

Static cregp and repeated load for permanent deformation evaluation.

Dynamic (complex) modulus for stiffness evauation.

Flexurd beam test for fatigue cracking evauation.

Indirect tendle tests for thermd cracking evauation.
The test results were used, when possible, to establish a rdative ranking of the mixtures,
among others being teted a ASU, according to their expected rutting or cracking
potentia. The binder tests were conducted to develop information that will complement

other mix materid properties such as fatigue cracking and permanent deformation.
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1.5. Specimens Preparation

The AR mix was transported to ASU laboratories, where it was re-heated and compacted
with a “Servopac Gyratory Compactor” into a 6-in diameter gyratory mold. One 4-inch
diameter sample was cored from each gyratory plug. The sample ends was sawed to arrive
a typicd tet specimens of 4-inch in diameter and 6-inch in heght. The plugs were
prepared to be tested to obtain Simple Performance Test (SPT) permanent deformation
(rutting) vaues condgtent with the procedures developed as pat of NCHRP 9-19. The
beams were prepared by the method developed in SHRP and tested according to the test
protocol AASHTO TP8-94 3), and SHRP M-009 @4). The beams were prepared to
determine the expected fatigue life of the two AR mixes. The disc specimens were
prepared according to the “Test Method for Indirect Tendle Cregp Testing of Asphalt

Mixtures for Thermal Cracking” reported in NCHRP Report 465 (13).

Air voids, thickness and bulk specific gravities were measured for each test specimen and

the samples were stored in plagtic bagsin preparation for the testing program.

1.6. Number of Tests
1.6.1. Test Program for ARAC — Asphalt Rubber GAP Graded Mix

Triaxid Shear Strength

3 Confinement Levels x 1 Temperature x 2 Replicates = 6 Tedts

Static Creep / How Time

2 Confinement Levels x 1 Temperature (100°F) x 3 Replicates = 6 Tests

2 Confinement Levels x 1 Temperature (130°F) x 2 Replicates = 4 Tests
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Unconfined Test of Mixture with 7% air voids @ Temperature 100°F = 2 Tests

Repeated Load / Flow Number

2 Confinement Levelsx 1 Temperature (100°F) x 3 Replicates = 6 Tests
2 Confinement Levels x 1 Temperature (130°F) x 2 Replicates = 4 Tests
Unconfined Test of Mixture with 7% air voids @ Temperature 100°F = 3 Tests

Dynamic Complex Modulus

2 Confinement Levels x 5 Temperature X 6 Frequencies x 3 Replicates = 180 Tests

Indirect Tensle Creep

3 Temperature x 3 Replicates =9 Tests

Indirect Tendle Strength

3 Temperature x 3 Replicates= 9 Tests

Beam Fatique Test

3 Temperature X 6 Replicates = 18 Tests

1.6.2. Test Program for AR-ACFC — Asphalt Rubber OPEN Graded Mix

Triaxid Shear Strength

3 Confinement Levels x 1 Temperature X 2 Replicates = 6 Tedts

Static Creep / How Time

2 Confinement Levelsx 2 Temperature x 3 Replicates = 12 Tedts

Repeated Load / Flow Number

2 Confinement Levels x 2 Temperature X 3 Replicates= 12 Tedts

Dynamic Complex Modulus

4 Confinement Levels x 5 Temperature x 6 Frequencies x 3 Replicates = 360 Tests
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Indirect Tensle Creep

3 Temperature x 3 Replicates =9 Tests

Indirect Tendle Strength

3 Temperature X 3 Replicates =9 Tests

Beam Fatigue Test

1 Temperature x 6 Replicates = 6 Tests

1.7. Report Organization

This report has been divided into eight chapters. Chapter 1 includes the introduction
objectives, and scope of work. Chapter 2 presents data on the mixture characterigtics.
Chapters 3 summarize the binder characterization tests. Chapter 4 contains the test results
for the triaxid shear strength test. Chapter 5 presents the test results for the permanent
deformation tesdts, whereas Chapter 6 includes the diffness test results. Fatigue and
therma cracking tests are included in Chapter 7. Chapter 8 presents the conclusons and
recommendations of the study. All supporting test data and additiond graphicd plots are

included in the gppendices.
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2. MIXTURE CHARACTERISTICS

2.1. Asphalt

The asphdt binder type CRA-2 manufactured by FNF Construction was used to produce
AR-ACFC and ARAC mixtures. This binder type is a homogenous asphalt-rubber system
created by blending the asphdt cement and the crumb rubber and then reacted at elevated
temperatures for a minimum of 45 minutes. The asphat cement PG58-22 manufactured by
Copperdtate and the crumb rubber produced by Recovery Technologies were used. The

binder characterization is presented in Chapter 3.

2.2. Mixture Properties

The hot mix asphat mixtures were obtained as loose mix samples taken behind the asphat
paver during condruction. Therefore, the ar void levels and binder contents in the
laboratory-testing program simulated the properties of the field mixes as best as possible.
The in-gtu ar voids contents were obtained from cores taken from each pavement section
and are reported in Table 1. The origind mix desgns were done usng the Marshdl mix
desgn method. Table 2 shows the target binder contents, air voids contents, and other
volumetric properties of the mixtures. Table 3 shows the target aggregate gradations for

the each mixture.

Table 1. Reaults of In-gtu Air Voids Contents from Fidd Cores

. SSD Corel ok
MIXTYPE | Air Voids (%) | Air Voids (%)

ARAC 115 :
AR-ACFC : 21.39
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Table 2. Average Mixture Properties

Gmm
Mixure | AP RUDET | Ao | vate [ apor | Asu ASU
RiceTest | RiceTest | CorelLok
ARAC PG 58-22 227 6.8 11.0 2.601 2.593 -
AR-ACFC | PG58-22 22.7 8.8 18.0 2.549 2.528 2.556

Table 3. Average Aggregate Gradations (w/o admixture)

Sieve Size ARAC AR-ACFC
1% 100 100
1 100 100
Ya 100 100
Yo 82 100
3/8 67 100
Ya 48 63
#4 38 37
#3 22 8
#10 18 7
#16 12 6
#30 8 4
#40 6 4
#50 5 3
#100 2 1
#200 18 14

27




2.3. Air Voids M easurement Using the Corel. ok Device
Because of the high ar void content of the two mixes, and especialy the open graded
mixture, it was necessary to use the Corel.ok device to accurately determine the in-place

ar voids of the mixesaswdl asthe ar voids for |aboratory specimens.

The CoreLok Air Voids determination procedure involves placing a dry specimen into a
plagtic, puncture resstant bag. The sample is then placed into the CoreLok chamber as
shown in Figure 3. Closing the chamber door autometicaly sarts the vacuum process. In
goproximately 2 minutes, the sample is vacuumed to 29.7 in Hg. The specimen is now
sedled within the bag in an evacuated date. The sample is then completdy immersed in
water and weighted. Knowing the weight in air of the bag, the sample, and the combined
weight of the bag and sample under water alows for cdculaion of the arr voids content.

The entire process takes |l ess then five minutes with very high degree of repeetability.

Fgure 3. A View of the Corel.ok Device (9)
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Comparison analyss of ar voids determined by the Saturated Surface Dry (SSD) and
Corel.ok methods were conducted during this research project. As shown in Figure 4, the
results of ar voids obtained from the CorelLok method were higher then these from the
SSD for both mixtures. The generd trend is that the higher ar voids the bigger the
difference between both test methods. The reason for this difference is that when using the
SSD method there is unavoidable lesk of water from the specimen within the time
between weighting the sample under water and in ar a saturated surface dry condition.
Thislesk islarger when higher air voids are present in the sample.

It is ds0 noted that the variability of ar voids measured between these two methods for
gap graded mixture was 0.24%. For the open graded mixture the difference was higher,
3.46%. In both cases, the tested specimens were laboratory, gyratory compacted

gpecimens, cored to 100mm in diameter and 150mm in height.

The results dso indicated that texture of sample affected the difference between methods.

Bigger difference 4.35% for open graded mix was observed for uncored plugs, which

texture was rougher and contained more voids in the surface.
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Comparison Of Air Voids By SSD and Corel ok
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Fgure 4. Comparison of Air Voids by SSD and Corel.ok Approach
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3. BINDER CHARACTERIZATION

3.1. Introduction

The characterization of the AR binder properties will be used as direct input to etimate
the overdl Complex Modulus-Reduced Time Master Curve of the specific agphat mixture
used in the pavement desgn process. One of the key dements for the successful
implementation of the new AASHTO 2002 Pavement Design Guide is to have adatabase
of materid characterization and properties of dl typicd materids used within the agency.
In addition, the research team suspected that the results of the rubber modified asphdt

binder charecterization using conventiona tests might reved some of this materid’s

unique temperature susceptibility properties.

Conventiona asphalt binder tests (penetration and viscosity) were conducted to develop
information that will complement other mixture materid propeties such as fatigue
cracking and permanent deformation. It was anticipated that snce Asphdt Rubber (AR) is
a mixture of gpproximady 20% ground tire rubber and 80% virgin asphdt binder, it
might not be a good candidate for such testing. Neverthdess, conventiond consstency
tests were conducted on the AR asphdt binder to determine whether there were any

unique characterigtics or difficulties in handling the materid.

Condgtency tests across a wide range of temperatures were conducted according to the
accepted American  Asociation  of Stale  Highway and  Trangportation  Officids
(AASHTO), and/or American Society for Testing and Materids (ASTM) practices. The

remander of this section will go into grester detal with regard to the test methods,

31



challenges and the surprising good degree of corrdations found from the measurements.

3.2. Binder Consistency Tests— Viscosity Temperature Relationship

Witczek et d experience with applying conventiond / standard binder condstency tests to
modified agphdt cements had shown that they can be raiond and can be used as a generd
guide (10). Notwithstanding the concerns of the asphat cement modifier manufacturers
recommendation that these test not be used for mixing and compaction temperatures. In
this study, the consstency tests are being used for descriptive comparative purposes and

not for specification contral.

Mog refined agphdt cements, with the exception of heavily ar blown or high wax content
crudes, exhibit a linear relationship when plotted on a loglog viscosty (centipoises)
versus log temperature (in degree Ranking R = F + 459.7° F) scde (ASTM D 2493). In
this study, centipoises was sdected for this type of plots because the test results are
reported in these units. The approach uses only viscodty units (centipoise) to define the
viscosty-temperature relationship. In order to make use of dl consstency tests variables
over a wide range of temperatures, it was necessary to convert al penetration (pen) and
softening point (Trs) Measurements into viscodity units. Penetration data was converted to
viscosty units by the following model developed a the Universty of Maryland as a part
of a Strategic Highway Research Program (SHRP) study (11). It should be noted that the

following equation is applicable over avery wide range of penetration from 3 to 300.

logh =10.5012 - 2.2601" log( pen) +0.00389 " log( pen)? (3.1)
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Note that the viscodty obtained from the above eguation is in poise The second
congstency vaiable point defined by the softening point (Trs) IS converted to viscosty
units by the gpproach suggested by Shell Oil researchers. It dtates that dl asphats at their
softening point (Tre), will yiedd a penetration of gpproximatey 800 and a viscodty of
13,000 poises.The third group of viscodty vaues a high temperature was obtained by use

of the Brookfidd Viscometer.

Usng the above three methods, al penetration and softening point results can be shown

or converted to viscosty units, which aong with the Brookfield test results can then be
used as direct viscosty messurements to obtain a viscosty (h) - temperaure (Tg)

relationship from the following regression equation (12):

loglogh(centipoise) = A, +VTS ~ log Ty (3.2

In Equation (3.2), Ai and VTS, represents regresson coefficients, which describe the
unique congstency-temperature relationship of any blend. The VTS term in this equation
represents the dope of the regresson equation, which is adso interpreted as the Viscosty
Temperature Susceptibility parameter. For example, a larger (negative) dope vaue

defines a higher temperature susceptibility of the binder.

3.3. Tegting Program
The crumb rubber modified asphat cement in this study used PG 58-22 base asphalt

cement with gpproximatedy 20% crumb rubber. The samples obtaned were from the
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interacted find product that had been blended in the fidd a the hot mix plant gte. The

blend was achieved at 325°F for aminimum of 45 minutes.

In the laboratory, the research team used the standard asphalt cement consistency tests for
each of the modified and virgin binders. The tests were run a Origind conditions as wdl
as Ralling Thin FHIm Oven (RTFO) and Pressure Aging Vessel (PAV) aged conditions.
Additiond tests were dso avallable in the ASU database on a variety of virgin binders that

are being used by the Arizona Department of Transportation.

3.4. Resultsand Analysis

Table 4 shows the average test results for al tests, Appendix A contains details of the tests
conducted. In generd, the crumb rubber modified asphat exhibited lower penetration
vaues than the virgin binder, especidly a the higher temperature. This was dso true for
the RTFO and PAV aging conditions. For the Brookfield viscosty tests, the test
temperature range varied as shown (200 to 350°F). The results show that, generdly, the
viscogty vaues of the crumb rubber modified asphat cement were higher than that of the
virgin binder for the test temperaiure range between 200 and 350°F. Higher viscosity

values are desirable for better resstance to permanent deformation.



Table 4. Summary of Conggtency Tests: Asphdt Rubber (AR) and Virgin Agphat Cements

Original RTFO PAV100
Temp(Temp
Test co) | ¢m Virgin AR Virgin Virgin AR Virgin Virgin AR Virgin
PG 58-22| PG 58-22| PG 76-16 | PG 58-22| PG 58-22 | PG 76-16 | PG 58-22| PG 58-22| PG 76-16
Penetration 15 59 34.2 28.7 10.3 21.8 11.7 7.5 10.2 7.3 5.7
O01mm) | 25 | 77 112.2 46.7 24.7 66.2 30.3 18.2 30.0 14.3 13.7
60 | 140 82,000 - 1048000 175,750 - - - - -
70 | 158 - - - - - - 285,933 - 4,723,200
80 | 176 9,413 - 69,000 17,142 - 15,800 79,000 - 986,363
Rotational | 100 | 212 2,250 47,000 9,283 4,588 - 17,150 10,84 - 76,117
Viscosit
(cP) y 121 | 250 583 10,500 2,193 1,013 44,250 3,400 2098 235000 7,868
135 | 275 283 5,600 827, 450 18,833 1,250 923 78,000 2,857
150 | 302 - - - - - - - 29000 -
177 | 350 63 1700 121 75 4333 150 103 6900 381
Softening | . - 47 59.5 63.3 51.3 79.5 63.8 59 99.75 76
Point (°C)
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The softening point test results showed amilar trends. The AR had higher softening point

than elther the PG 58-22 or PG 76-16 a RTFO and PAV aging conditions.

Regresson andyss were conducted on the AR and virgin binders used in this sudy usng
the conggtency data shown in Table 4. The results of A and VTS are shown in Table 5.
In addition, the test results for an ADOT PG 76-16 virgin agphdt cement are aso shown
in this table. Using these regression results, graphica plots were generated to evduate the
viscosty-temperature relationship for both binders. This type of andyss was consdered
as the mogt logical way to interpret the effect of rubber modification on the asphat cement

binder. Detailed analysis of the test results are dso shown in Appendix A.

Table 5. Summary of Viscosty- Temperature Regresson Relationships

. . Regression Coefficients
Binder Aging >
A VTS R
o Origind | 10.8750 | -3.6588 | 0.9965
Virgin
RTFO 10.7630 | -3.6076 | 0.9973
PG 58-22
PAV 100 | 10.7320 | -3.5827 | 0.9971
AR Origind 7.6903 | -2.4795 | 0.9890
RTFO 7.3611 | -2.3444 | 0.9963
PG 58-22
PAV 100 | 7.1468 | -2.2534 | 0.9984
o Origind | 10.8690 | -3.6295 | 0.9986
Virgin
RTFO 10.6420 | -3.5420 | 0.9989
PG 76-16
PAV 100 | 10.0130 | -3.3005 | 0.9950
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Figure 5 shows a comparison of the viscosty-temperature relationship for the PG 58-22
binder with and without rubber modification. It can be clearly shown that the crumb
rubber modified binder has much lower dope with increesng temperature, a behavior
highly desrable for resstance to permanent deformation. In addition, it clearly appears
that these conventional binder tests are adequate in describing the viscodty-temperature
susceptibility of the crumb rubber modified binder, and as indicated by the high degree of

the coefficient of determination R = 0.989.

Viscosity - Temperatur e Relationship
12

AR PG58-22: y =-2.4795x + 7.6903

08 T R?=0.989

Log (Log vis) (cP)
o
()]

04 L |PG58-22: y=-36588x +10.875

R?=0.9965
02 +
0.0 : : : |
2.70 275 2.80 2.85 2.90 2.95
(deg F) (41) (103) (171) (248) (335) (432)

Log (Temp) (Rankine)

Figure 5. Viscosty- Temperature Relationship for the PG 58-22 Binder, with and without
Rubber Modification
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Figure 6 shows a comparison of the viscosity-temperature relationships for the AR PG 58
22 origind binder and at the two aging conditions. In Figure 6 it can be dearly shown that
despite the effect of different aging on the crumb rubber modified binder, the conventiond
binder tests are Hill adequate in describing the viscosty-temperature susceptibility of the

crumb rubber modified binder. An aging index comparison between the virgin and crumb

Viscosity - Temperature Reationship

1.2
104 PAV100: y =-2.2534x + 7.1468
R?=0.9984
S 08+
>
‘D
?ﬁ 064 Original: y =-2.4795x + 7.6903
s R2=0.9890
(@]
(@]
S
2 0.4~ RTFO: y =-2.3444x + 7.361]]
2 R2=0.9963
0.2+
0.0 | | | |
2.70 2.75 2.80 2.85 2.90 2.95
(degF) (41) (103) 171) (248) (335) (432)

Log (Temp, °Rankine)

Figure 6. Viscosty- Temperature Relationship of the AR PG 58-22 Binder at Different
Aging Conditions
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rubber modified binder was not attempted smply because a direct comparison should not
be made. The amount of materia aged, which in one way correspond to a film thickness
of an aggregate in the mix, were kept the same for dl tests and a the different aging
conditions. If a true comparison needs to be made, the amount of binder (eg. in the PAV
pan) should be increased to represent an increased film thickness on the aggregate in the
mix. The AR mixtures have much higher binder content than conventional mixtures, and
one would expect the film thickness of the binder on the aggregate to be much larger as
well. Therefore, it is expected that if the amount of materid / binder layer thickness in a
PAV pan was increased, the aging characteristic measured would be different than those

for standard tests.

Fgure 7 through 9 compare the viscodty-temperature relaionship for the crumb rubber
modified binder (AR PG 58-22) and a conventiond ADOT PG 76-16 binder a the
different aging conditions. In al three plots, the relationship developed relate to the
obsarved fidd peformance behavior of the AR mixtures. The plots indicate that the AR
mixes would provide good resstance to permanent deformation (rutting) a high
temperatures. At the same time, the AR mixes would be less susceptible to low
temperature cracking than the PG 76-16 mix. Note tha the regresson lines reverse in
order a the lower temperature sde of the plot. The above results confirm some of the

unique temperature susceptibility properties of the crumb rubber modified binders’ mixes.
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Viscosity - Temperature Relationship (Original Binder)
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Figure 7. Viscosity- Temperature Relationship of the AR PG58-22 and PG76-16 Origind
Binders
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Viscosity - Temperature Relationship (RTFO)
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Figure 8. Viscosty- Temperature Relationship of the AR PG58-22 and PG76-16 Binders
After RTFO

41



Viscosity - Temperature Relationship (PAV 100)
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Figure 9. Viscosity- Temperature Relationship of the AR PG58-28 and PG76-16 Binders
After PAV100
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3.5. Asphalt Rubber Binder Handling Experience.
The following remarks were reported by the laboratory technician handling the asphalt
rubber binder, and also conducting the tests.
Extratime to preheat the materid was needed (20 to 30 minutes) to obtain a
fluidity of the binder that will ease its handling, mixing and pouring.
More AR binder materid was needed for test preparation than for a conventiona
binder. This was necessary because the recovery of al binder from the different
tins and pans was harder than for conventiond binders.
More AR binder materids aso necesstated doing more runs of the RTFO and
PAV aging conditioning. At lesst twice the amount of binder materid was
needed.
In the RTFO conditioning, the standard amount of materids (35 grams per
bottle) seemed to be excessve as the binder spilled out of the bottle. About 10

grams per bottle was typicaly lost in the process.

3.6. Summary for the Binder Characterization

The overdl effort in this sudy was amed a characterizing the properties of virgin and
crumb rubber modified (CRM) asphat cements for their use in the new AASHTO 2002
Pavement Design Guide. Conventiond asphat binder tests were conducted to develop
information that was anticipated to complement mixture materid properties such as
fatigue cracking and permanent deformation. The conventiona consgency tests were

conducted on the CRM binder to determine whether there were any unique characteristics



or difficultiesin handling the materid.
Consgency tests across a wide range of temperatures were conducted according to the
accepted American Society for Testing and Materids (ASTM) practices. Based on the test
results and andysis conducted in this study, the following conclusion are made:
The conventional asphalt cement tests were shown to be adequate in describing
the viscodty-temperature susceptibility of crumb rubber modified asphat
cement.
This favorable viscosty-temperature susceptibility relationship appears to reae
to observed fidd performance behavior. Such behavior is characterized as less
low temperature cracking and good resstance to permanent deformation at high
temperatures.
The A and VTS parameters developed for the crumb rubber modified binder
provide the very necessary input to predict mixture diffness (E*) that is the
building block used in the new 2002 Design Guide. Furthermore, This building
block is used to derive virtudly dl other stress and srain caculaions needed for

new and exising pavement rehabilitation anayss.



4. TRIAXIAL SHEAR STRENGTH TEST

4.1. Background for the Triaxial Shear Strength Test

The Triaxid Shear Strength Test has been recognized as the dandard test for determining
the srength of materids for over 50 years. The results from these tedts provide a
fundamental bass, which can be employed in andyzing the dability of asphat mixtures.
This is because the dresses acting on the laboratory specimen during the test truly
dmulate the dtate of stresses existing in the pavement provided certain specimen boundary
and geometry conditions are met. In generd, there has been reluctance to adopt this test as
a routine test procedure because of the degree of difficulty in performing the test.
However, with the improvement in testing equipment and computerized data acquisition
gystems, an increased interest in the use of the triaxia strength test has been extended to

more than just aresearch tool.

The shear strength of an asphat mixture is developed mainly from two sources:

1) the cementing action of the binder, which is commonly referred to as “coheson” from
Mohr plots;

2) drength developed by the aggregate matrix interlock from the applied loads, commonly
referred to as“f ” or the angle of internd friction.

The mgor role and interaction of both of these terms varies subgantidly with rate of

loading, temperature, and the volumetric properties of the mixture.

Triaxid tests are run a different confining pressures to obtain the Mohr-Coulomb falure
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envelope. The Mohr-Coulomb falure envelope is defined as
tir=c+sstanf 4.2
where,
tyr = shear dressat falure on falure plane
st =normd dress a falure on falure plane
C = intercept parameter, cohesion

tanf = dope of thefalure envelope (f isthe angle of internd friction )

Typicd “c’ vadues for conventionad AC mixtures are in the range of 5 and 35 pd; whereas

typica “f " vaues range between 35 and 48°.

Typicd triaxid tets require teing specimens a three or more levels of laerd
confinement to accurately develop the falure envelope. Although each test may be run on
agngle specimen, replicate specimens are desired if higher reiability isrequired.

Specimen size and preparation are aso important factors needed to be considered in the
testing protocols. Normdly, a sample with a height to diameter ratio of 2 is used in order
to diminate the effects of friction againg the loading platens and interference of shear
cones within the specimen. According to the modified sample preparaion protocols used
in NCHRP Report 465 (13) (sawed specimen ends and the use of thin lubricated
membranes), a sample sze of 100mm (4 inches) in diameter and 150mm (6 inches) in
height was recommended. This Sze was judged sufficient in providing representative
(reproducible) material properties provided the ends are parale and wel lubricated. More

details on this aspect can be found in reference (14).
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4.2. Test Conditionsfor the Triaxial Shear Strength Test

Three triaxid drength tests, one unconfined and two confined were conducted for each of
the AR mixtures. In addition results from previoudy tested standard ADOT Sdt River
Base (SRB) mixture with binder PG64-22 were reported in order to compare s properties
to those obtained for the AR. These tests provided the standard cohesion “c” and the angle
of internd friction “f” parameters for each AR mixture. The test was carried out on
cylindrical gpecimens, 100mm (4 inches) in diameter and 150mm (6 inches) in height,
prepared as described previoudy. The tests were conducted at 100°F. In addition to the
unconfined test, two additiona confining pressures were used: 138, and 276 kPa (20 and
40 pd). The specimens were loaded axidly to falure, a the sdected congant confining
pressure, and a a dran rae of 0.05 in/ikfmin (L27mm/mnvymin). An IPC Universd
Teging Machine (UTM 100) eectro- hydraulic system was used to load the specimens.
The machine was equipped to apply up to 100 ps (690 kPa) confining pressure and
22,000 Ibs (100 KN) maximum vertical load. The load was measured through the load
cdl, whereas, the deformeations were measured through the actuator Linear Varigble
Differentid Transducer (LVDT). Thin and fully lubricsted membranes a the sample ends
were used to reduce end friction. All tests were conducted within an environmentaly
controlled chamber throughout the testing sequence, controlled within  +1°F throughout

the entire test.
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4.3. Test Resultsand Analysisfor the Triaxial Shear Strength

The reaults for the triaxid drength tests for dl three mixtures are summarized and
reported in Appendix B. The maximum deviator stress, normal stress and percent dtrain at
falure were summarized for each test condition. Shear drength parameters, coheson “c’,
fricion angle “f”, and shear drength equations usng Mohr-Coulomb falure envelopes

were developed for each mixture and are incduded in Tables B-1,B-2, and B-3 of

Appendix B.

Figure 10 shows plots of the Mohr-Coulomb failure envelope represented by the cohesion

“c” and angle of internd friction “f ” for three tested mixtures.

Mohr-Coulomb Failure Envelope

100
SRB PG64-22
—~ 807 y=0.0995x + 17.883
g R® = 1.000 AR-ACFC
B 60 - c=17.9 y =1.063x + 7.773
g f =449° R? = 0.999
)] c=7.7
a 40 ARAC f= 0
% Y = 1.0149x + 13.204 =46.7
R® = 0.999
2 .
0 c=13.2
f =45.4°
O T T T T
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Normal Stress (psi)

Figure 10. Comparison of results for the Triaxia Shear Strength Test
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The parameters “c’ and “f” are the drength indicators of the mix. The larger the “c”
vaue, the larger the mix resstance to shearing dresses. In addition, the larger the “f”

value, the larger the capacity of the asphat mixture to develop strength from the gpplied

loads, and hence the smaller the potentia for permanent deformation.

When dl three mixes were compared the highest difference was observed for the cohesion
parameter. The SRB PG64-22 mix has 133% higher coheson than AR-ACFC, and 35%
higher coheson than ARAC. In the same time both asphdt rubber mixes have higher
angle of internd friction compared to the standard ADOT mixture, but the difference
between AR-ACFC and SRB PG64-22 is only 1.8 degree which is about 4% and the
difference between ARAC and SRB PG64-22 is 0.5 degree which is about 1%. In
addition, it can be observed that the difference in shear dtrength between the mixtures
decreases as the leve of confinement increases. This is especidly true for the AR-ACFC

mixture.

4.4. Summary for the Triaxial Shear Strength Test

Based on the test results and analysis the following conclusions can be made:
The results of the cohesion parameter showed that the asphalt rubber open
graded mix (AR-ACFC) has much lower resstance to shearing stresses than the
other two mixes. This observation must be supported by information that the
AR-ACFC is utilized as a mixture for nondructurad layer. For this Buffdo

Range project it was placed in 0.5 in lift, and for that type of application, the
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shearing dress is not so criticd. At the same time, the AR-ACFC mix has the
highet vaue of angle of internd friction, which indicates that this materid has
the largest capacity to develop strength from the applied loads, and hence the
smallest the potentid for permanent deformetion.

Comparing the results for the SRB PG64-22 and ARAC mixtures it can be
observed that athough the ARAC mix has smaler cohesion han the SRB PG64-
22, it has ds lager angle of intend friction, and sandler potentid for
permanent deformetion.

Andyzing the failure envelope trendlines shown in Figure 10, it can be noticed
that a higher corfinements leve, there are smdler difference in shear dress
between dl three mixtures. Theoreticaly, a confinement level exigs a which for

the same normal dtress, there is equa shear stressfor al three mixtures.
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5. PERMANENT DEFORMATION TESTS

5.1. Background for the Static Creep /Flow Time Tests

In a gatic creep / flow time test, a totd strain — time relaionship for a mixture is obtained
expaimentdly in the lab (15). The datic creep is a fundamental test because the rate of
cumulative grain and the time a which tertiary deformation occurs for an asphdt mixture
was found to be dependent on the temperature, deviator and confining stresses gpplied,
and mix qudity (16). While the creep test has been used in the pavement community for
many decades, the darting point of tertiary deformation, or flow time, concept dso
obtained from a creep test, had been evauated for asphat mixtures by Witczak et d at the

University of Maryland (UMd) and later on at Arizona State University (15,17).

The datic creep test, usng ether one cycle load/unload or cyclic loading is capable of
providing much informaion concerning the materid response characterigics The
interpretation of the draintime response of a maerid undergoing a datic creep test
provides dgnificant parameters, which describe the ingtantaneous dadic/plasic and

viscod adtic/plastic components of the materia response.

5.1.1. ModulugCompliance Components
In mechanics, the term "modulus’ represents the ratio of dress to strain on a deformable
body. In creep teding, severa unique moduli can be defined dependent upon the

paticular srain vaue used. The "reslient” modulusis
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E. =S¢ (5.1)

er
The "pure’ dadtic (indantaneous) modulusis:
= ﬂ
Ee= (5.2)
The"cregp” or time dependent modulusis:
Sd

E.= (5.3)

e(t
Where €, e, €(t) are the redlient, dadtic and total drains as shown in Fgure 15. The
"modulus’ of a materid is a very important property that relates stress to drain.  However,
for viscodagtic materids, it is more advantageous to use the term "compliance' or D (t).

Complianceisthereciprocd of the modulus and is expressed by:

D(t) = Et )= % (5.4)

The man advattage of its use in viscodadicity/plagicity is that it dlows for the
separation of the various strain components (9., €e, €p, eve, ad €,p) a a constant stress

level. Thus, the time dependent strain e(t) can be smply expressed by:

et) = sq* D(Y) (5.5)
= 5d(De+ Dp + Due (t) + Dyp (1)
The stress used to calculate compliance in the above equationsis defined as the following:
S4=S1-S3 (5.6)
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where:

Sq = deviator stress (ps)
S1 = veticd dress(ps)
Ss3 = confining pressure (ps)

The creep test can be conducted a both unconfined and triaxid / confined conditions. For
the unconfined condition, sq = s1 (s3=0) while for the triaxia / confined condition, sq =

S1-S3. Theverticd stress(s 1) iscaculated by the following equation:

s1% o (57)
where:
s1 = veticd dress (ps)
P = vertica load goplied (Ib)
A = aeaof crosssection of specimen (inf)

Therefore, compliance vdues cdculaied in the above eguaions ae "true' compliance

values as both stress and strain computed are in the same axis or direction.

5.1.2. Mathematical Compliance M od€l
In generd, power models for compliance only mode the secondary (linear) phase of the

creep curve.

One type, often mentioned in literature, uses the following compliance modd:
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5.8
D¢=D() - Do = art™ 8

where:
D = viscodastic compliance component a any time
D() = tota complianced any time
Do = ingantaneous compliance (= De + Dp)
t = loading time

a;, mp = materiadsregresson coefficients

In the above modd, D(t) and t are obtained from the datic creep (load only) test. It is
necessary to edtimate the D, vaue before the regresson can be performed to obtain the
materids coefficients, @ and m. One approach used to estimate D, is to estimate the time
a which D, is cdculaied. A time of 0.1 second is generdly sdlected for al mixes and

dress levels.

The regresson coefficients "d' and "m" ae genedly refered to as the compliance
parameters. These parameters are the generd indicators of the permanent deformation
behavior of the maerids. In generd, the larger the vdue of "d', the larger the D(t) value,
lower the E.(t) vdue and hence larger the potentia permanent deformation of the materid.
In addition, for a congtant "a" value, as the dope parameter "m" is increased, the larger the

potentia for permanent deformation will be.



5.1.3. Evaluation of Flow Time

Figure 11 shows typicd test results between the caculated total compliance and time. It
can be seen from this figure that the totd compliance can be divided into three mgor
zones. They are;

(1) Primary zone,

(2) Secondary zone,

(3) Tertiary flow zone.

In the primary creep phase, the drain rate decreases, in the secondary creep phase the
creep rate is congtant; and in the tertiary creep phase the creep rate increases. At low siress
levels, the materid mainly exhibit primary creep, that is the creep rate dowly decreases to

zero asthe tota strain reaches acertain value,

D) a

Secondary DN

™~

Flow Time Defines When
Shear Deformation Begins

Tertiary

Primary

>

time

Figure 11. Typicd Test Results Between the Calculated Total Compliance and Time.
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This aso suggests that at this very low stress level the creep rate in the secondary phase
may approach zero. At high sress leves, the constant secondary creep rate phase depends
on the dress leved applied. Idedly, the large increase in compliance generaly occurs @ a
condant volume within the tertiary zone. The flow time, Fr, is therefore defined as the
time when shear deformation, under condtant volume, starts.  The flow time is aso viewed
as the minimum point in the rddionship of rae of change of compliance versus loading
time. FHgure 12 and 13 show typicd datic creep test plots. The firs shows the totd
compliance versus loading time on a loglog scde The edimation of compliance
parameters "d' and "m" are obtained from the regresson andyss of the linear portion of
the curve. The second plot shows a plot of the rate of change in compliance versus loading

timein log-log scale dong with the calculated vaue of the flow time.

[FO52] Vi.08 Static Croop/Flow Time Strength Test
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Fgure 12. Totd Axid Strain Vs Time From an Actua Static Creegp/ Flow Time Test.
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[FO52] ¥1.09 Static Creep/Flow Time Strength Test
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Figure 13. Typicd Plot of the Rate of Change in Compliance Vs. Loading Time on aLog
Log Scae, Static Creep / Flow Time Test.

5.2. Background for the Repeated L oad Permanent Defor mation Test

Another gpproach to determine the permanent deformation characteriics of paving
materids is to employ a repeated dynamic load test for severa thousand repetitions and
record the cumulative permanent deformation as a function of the number of cydes
(repetitions) over the test period. This gpproach was employed by Monismith et d. in the
mid 1970's usng uniaxid compression tests (18). Severa research studies conducted by
Witczak et a, used a temperature of 100°F or 130 °F, and at 10, 20, or 30 psi unconfined
deviator dtress level (15). A haversine pulse load of 0.1 sec and 0.9 sec dwell (rest time)
is gpplied for the test duration of gpproximatedy 3 hours. This gpproach results in

approximately 10,000 cycles applied to the specimen. Brown and Cooper used a range of
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various levels of confining pressure for the repeated load test @1). A dress level of 144
ps (100 kPa) was subsequently adopted as the standard for their tests. The test was

conducted at 104°F (40°C).

A number of parameters describing the accumulated permanent deformation response can
be obtained from the test. Figure 14 illudrates the typicd rdationship between the totd
cumulative plagtic grain and number of load cycles. Like the creep tedt, the cumulative
permanent drain curve is generdly defined by three zones primary, secondary, and
tetiay. In the primary zone, permanent deformations accumulate rapidly.  The
incrementa  permanent deformations decrease reaching a congtant vaue in the secondary
zone.  Fndly, the incrementd permanent deformations again increese and permanent
deformations accumulate rgpidly in the tertiary zone. The darting point, or cycle number,

at which tertiary flow occurs was referred to as the “How Number” by Witczak.

Typicd permanent deformation parameters, which are obtained and andyzed from the
repested load permanent deformation test, include the intercept (a, m and dope (b, a)
parameters.  The permanent deformation properties (a, m) have been used as input for
predictive design procedures @2). It is emphasized that al of the parameters derived from
the linear (secondary) portion of the cumulaive plagic drain — repetitions curve ignore
the tertiary zone of materid deformability. Thus, al four of the parameters noted @, m b,
a) ae regresson condants of a datisticd modd that is only based upon the “linear”

secondary phase of the plagtic strain — repetition curve.
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PERMANENT STRAIN VERSUS LOADING CYCLES
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Figure 14. Typica Reaionship Between Totd Cumulative Plagtic Strain and Number of
Load Cycles.

The log-log relationship between the permanent strain and the number of load cycles can

be expressed by the classica power mode!:

e, = aNP (5.10)

Where "d" and "b" are regresson congtants depending upon the materia-test combination
conditions. Figure 15 illusrates the relaionship when plotted on a log-log scde.  The
intercept "a' represents the permanent strain at N=1, whereas, the dope “b”, represents the
rate of change in permanent drain as a function of the change in loading cycles (log (N)).

An dterndive form of the mathematicd mode used to characterize the plastic srain per
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load repetition (epn) relationship can be expressed by:

b
ey _ - TN (5.11)
N N

or

epn = abN®? (5.12)

The reslient drain () is generdly assumed to be independent of the load repetition vaue

(N). As a consequence, the ratio of pladtic to reslient strain components of the materid in

question can be defined by:
e 2eab 0
== g5, 2N b1 (5.13)
er er g

letting: m= a and a=1b one obtains:

&

em _ . (5.14)
€r

In the above equation, ey, is the permanent or plagtic stran due to a single load
application; i.e, a the N agpplication. Mu () is a permanent deformation parameter
representing the congtant of proportiondity between permanent drain and dadtic drain
(i.e. plagtic strain at N=1). Alpha @) is a permanent deformation parameter indicating the
rate of decrease in incrementa permanent deformation as the number of load applications

increases.
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FERHANENT STRAIN VER3US LOADING CYCLES
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Figure 15. Regression Congtants“a’” and “b” When Plotted on aLog-Log Scae.
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Figure 16. Permanent Deformation Parametersa and mand the Flow Number.
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Figure 16 illugtrates the above reationship and the occurrence of the flow point when the

rate of decrease in permanent strain is constant.

Figure 17 trough 19 show typica plots for an actual repested load test conducted. Fgure
18 shows a typicd plot of the total permanent drain versus loading cycles on a loglog
scde. The edimation of parameters "d' and "b" are obtained from the regresson andysis

of the linear portion of the permanent strain — number of cyclesdatain Figure 18.

Figure 19 shows a plot of the rate of change in permanent strain versus loading cycles on a

log-log scae. The flow number of cydesis recorded where the minimum dope is shown.

IHDUSTEIAL PROCESS CONTREOLS Lrd

Arfzﬂna Srare Unjversfry Universal Testing Machine (UTW V1.00BZ9)
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Fgure 17. Cumulative Permanent Strain V's. Loading Cycles From a Repeated Load Test
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[FO51] V1.05 Repeated Axial Load Confined Strain Test
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Figure 18. Regresson Congants“d’ and “b” from Log Permanent Strain — Log Number
of Loading Cycles Plot, Repeated Load Test.
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5.3. Test Conditionsfor the Static Creep and Repeated L oad Tests

Static cregp and repeated load tests, confined and unconfined, were conducted using at
least two replicate test specimens for each mixture. When maerid availability was not of
concern, three replicates were used. When the equivdent test results for the standard
ADOT mixture (SRB PG64-22) were available, they were compared to the results of the
AR mixtures. All tests were caried out on cylindrical specimens, 100mm (4 inches) in

diameter and 150mm (6 inches) in height.

For the datic creep tests, a dtatic constant load was applied until tertiary flow occurred.
For the repeated load tests, a haversine pulse load of 0.1 sec and 0.9 sec dwdl (rest time)
was agpplied for a target of 300,000 cycles. This number was less if the test specimen

faled under tertiary flow before reaching thistarget leve.

An IPC Universdl Tedting Machine (UTM 25-14P) electro- pneumatic sysem was used to
load the specimens. The machine is equipped to apply up to 90 ps (620 kPa) confining
pressure and 5,500 Ib (24.9 KN) maximum verticad load. The load was measured through
the load cdl, whereas, the deformations were measured through sx spring-loaded LVDTSs.
Two axid LVDTs were mounted verticadly on diametricaly opposte specimen Sdes.
Parald studs, mounted on the test specimen, placed 100mm (4 inches) apart and located
a the center of the specimen were used to secure the LVDTs in place. The studs were
gued usng a commercid 5-minute epoxy. An dignment rod with a frictionless bushing
was used to keep the studs digned a extreme falure conditions. Figure 20 shows a

photograph of an actud specimen set-up for unconfined test. For radid deformations, four
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externaly mounted LVDTs digned on diametricd and perpendicular lines were located at
the center of the specimen and dong opposite specimen sdes. The radid LVDT's st-up
is dso shown in Figure 20. Thin and fully lubricated membranes a the test specimen ends
were used to warrant frictionless surface conditions. All tests were conducted within an
environmentaly controlled chamber throughout the testing sequence (i.e., temperature
was hed constant within the chamber to +1°F throughout the entire test). Figure 20
showed typica unconfined test set up for either a static cregp and/or the repesated load test.

Figure 21 and 22 show the same but for a confined test set-up.

Figure 20. Vertical and Radia LVDTS Set-Up for an Unconfined Test
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Fgure 22. Test Set-Up Within Triaxid Cdl with Mounted Radid LVDTs.
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A complete matrix of the sress level/ temperature combinations used for the Static Creep
and Repeated Load tests is shown in Table 6. In addition to origind testing program, five
gpecimens of the ARAC mixture were compacted to 7% air voids in order to evauate the
mixture properties a this lower ar voids leve. These specimens were tested in

unconfined conditions a temperature of 100°F.

It is emphasized tha the dress levels combinations in the bdow table were primarily
selected because of the need to compare the AR mixture's vaues to previoudy determined
vaues from other dudies (conventiond ADOT mixture). The confining pressure in the
conventiona mixture sudy was sdected on the low sSde to force the specimen to fall
within a reasonable testing time period. Previous research sudies conducted by the

research team utilized a confinement level of 20 ps for dense graded mixture.

Table 6. Stress Level/ Temperature Combination Used for the Static Creep and Repeated

Load Tests
Test Temperature
Test Type Stress Type* 37.8°C ( 100°F) 54.4°C ( 130°F)
Unconfined Confined Unconfined Confined
. (kPa) 0 69 0 69
. 3
Static Creep/ (psi) 0 10 0 10
Flow Time . (kPa) 105 1145 69 825
‘ (psi) 15 166 10 120
(kPa) 0 69 0 69
Repeated S3 -
Load/ Flow (psi) 0 10 0 10
Number sy (kPa) 105 1145 69 1145
(ps) 15 166 10 166

* 53— confining dress
S q—deviator stress
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5.4. TestsResultsand Analysis

5.4.1. Static Creep/ Flow Time Test

The reaults for the datic cregp unconfined and confined tests for dl three mixtures are
summarized and reported in Appendix C. A mader summary table for dl mixtures,
temperatures, and dress level combinations reported in Appendix C is shown in Table 7.
The table contains find average vaues used in the comparison andyss of rubber asphat
mixtures and the dandard ADOT mixture. These properties include the Flow Time,
percent of axid drain a flow (flow time), Cregp Modulus a flow, and the compliance
parameters (a - intercept, m - slope, and Dy - ingantaneous compliance). It is noted that at

100°F, the results for the SRB PG 64-22 were not available.

Table 7. Master Summary of Static Creep Test Results.

Axial Axial Creep Inst. Intercent
Mix Target | Temp S3 Sq Flow Strain | Modulus | Compl. Ax10” Slope
AV% | °F | (ps) | (ps) | Time |@failure|@failure| Dox10° (Vs m
(sec) (%) (psi) (Upsi)
180 100 0 15 987 3.15 470 0.056 0113 0558
ARACFC 180 130 0 10 108 3.39 297 0.188 0607 0378
180 100 10 166 3 4.85 3,253 0.038 0139 0.708
180 130 10 120 2 4.24 2550 0.074 0207 0553
110 100 0 15 4,299 4.29 355 0.053 0293 0281
110 130 0 10 23,826 1.87 558 0.033 0204 0.21%
ARAC 7.0 100 0 15 175,140 245 631 0.013 0015 048¢
110 100 10 166 10 5.4 3,029 0.021 0079 0633
110 130 10 120 3 6.15 1,570 0.080 0270 0824
SRB PG64-| 7.0 130 0 10 135 0.28 3,303 0.045 0049 0406
22 7.0 130 10 120 8§ 0.66 21,780 0.008 0014 059
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Figure 23 shows a comparison of How Time a the different test conditions. For the
unconfined tests a 100°F, the ARAC mixture at 11% Air Voids (AV) had much higher
Flow Time (over 4 times higher for unconfined test and 3 times higher for confined test)
compared to the AR-ACFC mixture. At 130°F the ARAC mixture shows superior flow
time properties compared to the AR-ACFC and the standard ADOT dense graded
mixtures. The ARAC mix flow time is 175 times higher than tha of the SRB PG64-22
mix. It is dso noted that the SRB PG64-22 had 25% higher How Time than the AR-

ACFC mix.

The results for the confined tests conducted a both temperatures were concluded as not
relidble, especidly a 130°F. This was because the stress levels combinations sdlected
resulted in rapid failure (flow time) of the test specimens (2 to 10 seconds). This was too
short to develop proper compliance curves. Nevertheless, the results are shown in Figure 4

for completeness purposes.

Consdering the sengtivity of the ARAC mixture to ar voids variation it can be observed
(from Fgure 23) that mixtures compacted to 7% ar voids had 40 times higher flow time
to falure compared to the mixture compacted to 11% ar voids. Therefore, fied

compaction condderations should be carefully evaluated for this mixture.
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a) STATIC CREEP UNCONFINED TEST

b) STATIC CREEP UNCONFINED TEST

FLOW TIME FLOW TIME
S3=0psi Sqg=15psi S3=0psi Sq=10psi
Temp 100°F Temp 130°F
175,140
10,000 5,000 23,826
S 8,000 - ‘o 4,000
(] (9]
o, o,
© 6,000 - @ 3,000
= g
= | 4,299 £
=z 4,000 ' 2z 2,000
° °
(TR [T
2,000 A 987 1,000
e 108 135
0 T T T T
AR-ACFC ARAC 11% AV ARAC 7% AV AR-ACFC ARAC SRB PG64-22
c) STATIC CREEP CONFINED TEST d) STATIC CREEP CONFINED TEST
FLOW TIME FLOW TIME
S3=10psi Sqg =166 psi S3=10psi Sq =120 psi
Temp 100°F Temp 130°F
10 T 10 10
T
Q [}
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Fgure 23. Static Creegp Unconfined and Confined Test - Flow Time Results.




Figure 24 shows summary plots for the drain a failure. For the unconfined test results a
1000F, the ARAC 11%AV mix had 35% higher drain at falure than the AR-ACFC mix.
This was 14% higher for the confined test. In addition, for the unconfined tests conducted
a 1300F, the ARAC mix showed over 5 times higher drain a falure than the SRB PG64-
22 mix. Higher drains a falure are indicative of good mixture dability to the gpplied

loads.

The results of the dope parameter of the compliance curve for the unconfined tedts a
1000F showed that the SRB PG64-22 mix had higher dope than the asphdt rubber
mixtures. Higher dope vadues are indicative of susceptibility of the mixture to permanent
deformation. Because of the lack of the confinement in the unconfined tests the AR-
ACFC mix had twice as high dope as the ARAC 11%AV mixture. However, a
comparison of the dope parameter for the confined tests a 1300F, the ARAC mix a
11%AV had the lowest dope followed by the AR-ACFC and the SRB PG 64-22 mixtures.
The ARAC mix a 11%AV had the highest dope, probably due to the higher air voids
present in this mix. Ovedl, the asphdt rubber mixtures showed good permanent
deformation characteristics compared to the conventional SRB PG 64-22 dense graded

mixture.

The reaults of the Cregp Modulus a falure conducted in unconfined conditions and a

100°F show 32% higher vaue for the AR-ACFC mix comparing to the ARAC 11%AV,

and 9 times higher vaue for the SRB PG64-22 mix compared to the ARAC 11%AYV.
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a) STATIC CREEP UNCONFINED TEST b) STATIC CREEP UNCONFINED TEST
AXIAL STRAIN @ FLOW AXIAL STRAIN @ FLOW
S3=0psi Sd =15psi s3=0psi sq=10psi
Temp 100°F Temp 130°F
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c) STATIC CREEP CONFINED TEST d) STATIC CREEP CONFINED TEST
AXIAL STRAIN @ FLOW AXIAL STRAIN @ FLOW
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Figure 24. Static Cregp Unconfined and Confined Test — Axid Strain at How Results
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5.4.2. Repeated L oad/ Flow Number Test

The results for the repeated load unconfined and confined tests for dl three mixtures are
summarized and reported in Appendix D. A maser summay table for dl mixtures,
temperatures, and dtress level combinations reported in Appendix D is shown in Table 8.
The table contains find average vadues used for the anadysis and comparison of the AR
and standard ADOT mixtures. Table 8 includes the flow number, percent of axid drain &
falure (flow), Redlient Modulus a falure, and the permanent deformation parameters (a

— intercept and b - dope). At 100°F, the results for the SRB PG 64-22 mixture were not

available.
Table 8. Master Summary of Repeated Load Test Results
. , Resilient
Axial Axial I nter cept
] Target | Temp S3 Sq ) Modulus 5 | Slope
Mix VA% o _ _ Flow Strain @ fail ax10 b
b S S ailure
Ps) | PS) | \umber | (%) | (Upsi)
(psi)
180 100 0 15 6,985 3510 64,554 0388 0432
18.0 130 0 10 604 2727 26,931 1200 0429
AR-ACFC
18.0 100 10 166 124 87% 168,424 3529 0623
180 130 10 166 24 9193 51,342 4464  0.829
110 100 0 15 844 4190 120,084 0607 0427
110 130 0 10 12,11 3120 43,717 0863 0349
ARAC 7.0 100 0 15 248585 1405 146,063 1119 0.188
11.0 100 10 166 2,289 10.711 156,834 38370 0.36]
11.0 130 10 166 9] 8634 120,934 2658 0659
7.0 130 0 10 734  0.327 70,559 0043 0.607
SRB PG64-22
7.0 130 10 166 174  4.987 109,741 0993 0.687
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Table 9 presents the results of the permanent to resilient strain retio (ep/er). Thiswas an

important property that the testing program needed to establish for asphalt rubber

mixtures, for its future use in the AASHTO 2002 Pavement Design Guide. The design

guide uses this rtio in the modd that predicts permanent deformation in the asphdt layer.

A comparison of the results for dl tested mixtures in unconfined and confined state a 100

and 130°F are shown in Figure 25 through 27.

Table 9. Summary of ep/e; Retio for Repeated Load Test

Average
_ Target | Temp | sj Sq ep [%] e [%] ese,
Mix o i ) Flow
VA% F | (psi) | (psi) at Failure | at Failure | at Failure

Number
18.00 100 O 15 6,985 3.468 0.024 145
18.00 130 O 10 605 2.564 0.031] 83

AR-ACFC
18.0 100 10 166 124 8.950 0414 16
18.0 130 10 166 25 9.193 0.520 20
11.00 100 O 15 8,445 4,182 0.013 340
11.00 130 O 10 12,118 3.121 0.022 142
ARAC 7.00 100 O 15 248,585 1.405 0.010 134
11.0 100 10 166 2,289 10.711 0.249 62
11.0 13d 10 166 91 8.546 0.142 61
7.00 130 O 10 738 0.313 0.014 23
SRB PG64-22

70 13d 10 166 169 4,987 0.159 33




a) REPEATED LOAD UNCONFINED TEST

b) REPEATED LOAD UNCONFINED TEST

FLOW NUMBER FLOW NUMBER
S3=0psi Sq=15psi S3=0psi Sq=15psi
Temp 100°F Temp 130°F
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c) REPEATED LOAD CONFINED TEST d) REPEATED LOAD CONFINED TEST
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Figure 25. Repested Load Unconfined and Confined Test — Flow Number Results




a) REPEATED LOAD UNCONFINED TEST
AXIAL STRAIN @ FLOW
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b) REPEATED LOAD UNCONFINED TEST
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c) REPEATED LOAD CONFINED TEST d) REPEATED LOAD CONFINED TEST
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Fgure 26. Repeated L oad Unconfined and Confined Test — Axid Strain Results




REPEATED LOAD UNCONFINED TEST
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Figure 27. Comparison of ep/e; ratio for Repested Load Test




The results of the flow number for the unconfined tests at 100°F (Figure 25) shows 20%
higher flow number for the ARAC 11%AV mixture compared to the AR-ACFC mix, and
over 18 times higher flow number for the confined test. For the unconfined tedts
conducted at 1300F, very samilar trend to he Static Creep test was observed. The ARAC
11%AV mix showed over 16 times higher Flow Number than the SRB PG64-22 mix, and
the difference between the AR-ACFC and SRB PG64-22 mixtures was relaively smdl

(about 22%).

The results for the confined tests conducted a 130°F showed about 90% higher flow
number for the SRB PG64-22 mix compared to the ARAC mix, and about 7 times higher
flow number compared to the AR-ACFC mix. Similarly to the Static Creep te<t, the short

time to failure (25 to 172 pulses) made the results unrdiable.

Conddering the mixture sengtivity to ar voids changes, it was obsarved that the ARAC
mix with 7% air voids had 30 times higher flow number compared to the ARAC mix with
11% air voids. This was Smilar to obsarvation made with the dtatic creep tests. Again,

field compaction considerations should be further evaluated for this mixture.

The reaults of axid dran a falure (Figure 26) showed very smilar trends to the datic
creep test. The ARAC 11%AV mix showed higher drains a falure than the AR-ACFC
mix, but & the same time its falure (flow number) occurred later. It is dso worth

mentioning that in the repeeted load tet, the difference in the drain levels between both
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AR mixtures were not as large as the datic creep tedt, dthough ill sgnificantly higher
than the SRB PG 64-22 mix. Lager drains a falure are indicaive of good mixture

Sability to the gpplied loads.

The results of eyle, ratio at falure (Figure 27) for the unconfined tests at 100°F, showed
that the ARAC mix with 11% ar voids had 25 times higher ratio than the AR-ACFC mix
and the ARAC mix with 7% ar voids. The difference between the AR-ACFC and ARAC
7%AV mixes is negligible. At 130°F, the ARAC 11%AV mix had 71% higher ratio than
the AR-ACFC mix and 5 times higher ratio than the SRB PG64-22 mix.

For the confined tests a 100°F, the ARAC mix indicated 3.8 times higher ratio than the
AR-ACFC mix. At 130°F, the ARAC mix has 3 times higher raio than the AR-ACFC and

2 times higher ratio than the SRB PG64-22 mixture.

The above results indicated that the ep/e; ratio a falure is different for AR mixtures
compared to conventiond mixtures. It is dso dependant on the test temperature, mix
aggregate grading, confinement condition, and the mix ar voids content. Higher epler
ratio a falure may be indicative of better mixture resstance to permanent deformation.

Further testing and andlysisin this area needs to be addressed for the AR mixtures.

Congdering the dope of the compliance curve it was observed that for the unconfined test

at 130°F the ARAC mix had 23% smaler dope than the AR-ACFC mix, and 75% smaller

dope than the SRB 64-22 mix. At 100°F the ARAC 11%AV mix had more than 2 times
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larger dope than the ARAC 7%AV mixture.

The results of the dope parameter of the permanent strain curve for the unconfined tests at
130°F showed that the SRB PG64-22 mix had much higher dope than the asphat rubber
mixtures. Higher dope vaues are indicative of grester susceptibility of the mixture to
permanent deformation. A comparison of the dope parameter for the confined tests at
130°F showed that the ARAC mix at 11%AV had the lowest dope followed by the SRB
PG 64-22 mix and then the AR-ACFC mix. Smilar to the datic creep test results, and
consdering the unconfined tests a 1000F, the ARAC 11%AV mix had more than 2 times
larger dope than the ARAC 7%AV mixture. Overdl, the asphdt rubber mixtures showed
good permanent deformation characteristics compared to the conventional SRB PG 64-22

dense graded mixture.

5.5. Summary for the Permanent Deformation Tests
Repeated load and datic creep permanent deformation tests were conducted a two
temperatures usng unconfined and confined SPT protocols. The test results obtained were
compared to results available a&a ASU for conventiond ADOT dense graded mixtures
(SRB PG 64-22). Based on the test results and andyss, the following conclusons are
made:
In both unconfined tests (Static Creep and Repeated Load) conducted at 1300F,
the ARAC mixture indicated superior performance, much higher resstance to

permanent deformation compared to the standard ADOT SRB PG64-22 mixture.
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The ARAC mixture falure (flow) occurred after reaching 5 to 10 times larger
dgrain than the SRB PG64-22 mix. Larger dran a falure are indicative of good
mixture stability to the gpplied loads.

The trends for the Static Creep and the Repesated Load tests were very smilar,

and the ARAC mix peformed very wdl in both tests. However, better results

were observed in the Static Creep test. Therefore, improved mixture stability
under static load may aso be expected from the ARAC mixture.

The AR-ACFC mix genedly showed lower resgance to permanent

deformation (in both unconfined and confined tests) compared to the other tested

mixtures.

o For the unconfined tedts, this was dtributed to severd factors much higher
ar voids, lack of confinement that this materid normaly experience in the
fidd, and higher binder content. Note that the AR-ACFC mix is a materid
designed for nonstructurd layers and its thickness usudly does not exceed 1
inch.

o For the confined tests, the laboratory poor performance was attributed to the
lack of adequate confinement level gpplied, which does not represent the
level of confinement that the materia experiences in the fidd. Therefore, the
open graded friction course (AR-ACFC mix) should not be compared in a
routine tesing mode (that was utilized in this sudy) to materids like the
ARAC — Gap graded asphdt concrete or the Salt River Base dense graded

mixtures, when resstance to permanent deformation is considered.
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Experience from the confined tests in this study showed that the sdlected dress
level combinations in the laboratory were not effective and further work on
selecting appropriate stress levels for these confined tests should be conducted.

The ar voids sengtivity sudy showed that the ARAC mix compacted to 7% air
voids would have much better peformance and less potentid for permanent
deformation than the same mixture compacted to 11% ar voids. This finding is
consstent with observations found for dense graded mixes. Therefore, it would
be advisable to use a smilar type of compaction quaity control for the AR gap
graded mixtures.

This sdudy showed promisng results of utilizing the flow time / flow number of
repetitions parameters to evauate / verify the fidd performance of the asphdt

rubber mixtures.
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6. DYNAMIC MODULUSTEST
6.1. Background for the Dynamic (Complex) Modulus T est
For linear viscodadtic materids such as agphdt mixes, the dress to dran relationship
under a continuous snusoidd loading is defined by a complex number cdled the complex
modulus E* (ASTM D3497). The complex modulus has a red and imaginary part that
defines the dadtic and viscous behavior of the linear viscodasic materid. The absolute
vaue of the complex modulus YE*Y4; is defined as the dynamic modulus. Mahematicaly,
the dynamic modulus is defined as the maximum (pesk) dynamic dress (S,) divided by
the recoverable axid drain (e,):
YVE* 1A=,/ € (6.1)
By current practice, dynamic modulus testing of asphdtic materids is conducted on
unconfined cylindrical specimens having a height to diameter raio equa to 1.5 and uses a
uniaxialy applied snusoidd (haversne) dress patern (13). Under such conditions, the
snusoidd dress at any giventimet, isgiven as.
St =S, 9n (Wt) (6.2)

where:

S = peak dynamic stress amplitude (ps).

w = angular frequency in radian per second.

t = time (se0).
The subsequent dynamic drain a any given time is given by:

e =e,Sn(wt-f) (6.3)
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where:

€, = peak recoverable grain (in/in).

f = phase lag or angle (degrees).
The phase angle is smply the angle & which the e, lags s,, and is an indicator of the
viscous (or dadtic) properties of the materid being evauated. Mahematicdly this is
expressed as.

f =(t /tp) x (360) (6.4)

where:

t; = time lag between a cycle of stressand strain (sec).

t, = time for astress cycle (sec).

The complex modulus E* is comprised of both a red and imaginary portion. This can be

written as.
E* =F +iE” (6.5)
with
E =(so /&) xcosf (6.5a)
and
E’ =(so/ey)xsnf (6.5b)

The E' vdue is generdly referred to as the storage or dastic modulus component of the
complex modulus, while E”’ is referred to as the loss (viscous) modulus. The loss tangent
(tan f) is the ratio of the energy logt to the energy stored in a cyclic deformation and is
equd to:

anf =B/ E (6.50)



For a pure dadgtic materid, f = 0 and it is observed that the complex modulus E* is equd

to the absolute value, or dynamic modulus. For pure viscous materids, f = 90° (10).

6.2. General Test Description

Dynamic Modulus tests were conducted unconfined, as wel as usng three leves of
confinements. 10, 20, and 30 ps. Text specimens used were cored from laboratory
compacted Gyratory plugs approximately 6.0 inches in diameter and 6.0 inches high, to
arive a test specimens with a diameter of 4.0 inches and an agpproximate height of 6.0
inches. For each mixture, a full factorid of test frequencies (0.1, 0.5, 1, 5, 10, and 25 Hz)
and temperatures (14, 40, 70, 100, and 130°F) were used. Each specimen was tested in an
increasing order of temperature, i.e. 20, 40, 70, 100, and 130°F. For each temperature
level, specimens were tested in a decreasing order of frequency (25, 10, 5, 1, 0.5, and 0.1
Hz). This temperature-frequency sequence was carried out to cause minimum damage to
the specimen before the next sequentid test. At cold temperatures and high frequency
level, the materiad behaves sronger compared to warmer temperatures and a low

frequency levels.

For the ARAC Gap Graded mixture, three replicate specimens were used for the
unconfined test, and three additional replicate specimens (tota of Sx specimens) were
used for dl the confined tests in an increasing order of confinement (10, 20, and 30 ps).
This was mainly done because the amount of materid avalable for the ARAC mixture

was limited. For the AR-ACFC Open Graded mixture, materid availability was not an
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issue; therefore three replicate specimens were used for the unconfined tests and at each
levd of confinement (tota of twelve specimens). However, a round of unconfined tests
were performed a room temperature (70°F) on dl twelve specimens to ensure that they
are true replicates and provide comparable results. Table 10 shows a ligt of the replicates
used and ther respective tet assgnment (whether it is unconfined or confined test).
Additiond tests were performed on a formed (molded) crumb rubber specimen conssting
of 80% crumb rubber and 20% urethane. This was done because the results of the ARAC
and AR-ACFC mixtures showed a different behavior a higher temperatures. For that, the
crumb rubber sample was prepared and tested unconfined a 70, 100, and 130°F usng the
same frequency levels. For this crumb rubber sample, a total of 18 dynamic modulus tests

were performed.

A sarvo hydraulic testing machine was used to load the specimens. The load was varied
with temperature to keep the specimen response within a linear range (initid microstrains
about 20-25 micro-grains). A dynamic Snusoidal Siress (continuous wave) was applied
and measured through the machine load cell, wheress, the deformations were measured
usng soring-loaded LVDT's (Linear Vaiable Differentid Transducers). The specimen
insrumentation method used was the one developed by the ASU Research Team (36).
The LVDT's were secured in place usng brackets and studs glued on to the specimen;
guiding rods were added to the indrumentation for dignment especidly a high

temperatures. A typica set-up of the test gpecimen ingrumentation is shown in Figure 28.
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Table 10. Dynamic Modulus Test Results for the AR-ACFC Mix Replicates - 70°F

Dynamic | Phase | Axial Axial Air Test

Specimen Dynamic| Modulus | Angle | Strain | Strain | Void, | Condition

ID Stress @25Hz |@25Hz|@25Hz| @0.1Hz| Va |[Assgnment

(kPa) (MPa) | (deg) | (netr) | (Er) | (%)

AR-ACFC-04 50 2469 23.3 20.0 72.4 17.5 | Unconfined
AR-ACFC-06 60 2849 24.0 20.7 83.9 17.7 | Unconfined
AR-ACFC-07 60 3101 21.3 195 59.4 17.7 | Unconfined
AR-ACFC-08 60 2835 26.1 20.8 74.6 18.5 | Conf. 10ps
AR-ACFC-11 75 3357 21.7 22.1 90.5 18.5 | Conf. 10ps
AR-ACFC-12 70 2894 29.0 24.1 94.0 18.5 | Conf. 10ps
AR-ACFC-13 65 3098 24.1 209 70.3 18.4 | Conf. 20ps
AR-ACFC-15 68 2825 25.6 23.8 87.8 18.1 | Conf. 20ps
AR-ACFC-19 68 3028 25.8 22.2 82.6 18.1 | Conf. 20ps
AR-ACFC-09| 75 3615 308 | 203 775 17.9 |Conf. 30 ps
AR-ACFC-14 75 3554 21.3 211 80.1 18.3 {Conf. 30 ps
AR-ACFC-16 75 3874 22.2 195 73.7 18.4 |Conf. 30 ps
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6.3. Test Resultsand Analysis

Table E-1 through Table E-4 located in Appendix E show the test results of axid drain,
dynamic modulus, and phase angle a 25 and 0.1 Hz for the ARAC Gap Graded mixture
replicate specimens a each test temperature. Table E-5 through Table E-8 provide the
same information for the AR-ACFC Open Graded mixture. Table E9 provides the results

for the crumb rubber sample tested unconfined at 70, 100, and 130°F.

Table E-10 through Table E-18 summarize the measured dynamic modulus and phase
angles obtaned for each mixture and replicate specimen. These summary tables aso

contain the volumetric properties of each specimen/mixture (Gmm %, AC %, Va %, and

aggregate type).

The following subsections incude data andyss for the three different mixtures ARAC-

Gap Graded mixture, AR-ACFC-Open Graded mixture, and the crumb rubber specimen.

6.3.1. ARAC Gap Graded Mixture

Fgure 29 through 32 are plots of (a) the effect of loading time on the measured dynamic
modulus for a sdected replicate test, (b) its corresponding shift factors plot, and (c) the
master curve developed using the average of the three replicates. The plots show the

results for the unconfined as well as the three levels of confinement (10, 20, 30 ps) tests.
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()

Figure 28. (a) Typicd Test Ingtrumentation — ARAC Test Specimen (b) Typica Confined
Test Set-Up
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Figure 29. ARAC Gap Graded Mixture — Unconfined Test Results
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Figure 30. ARAC Gap Graded Mixture — Confined Test Results— 10 psi
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Figure 31. ARAC Gap Graded Mixture — Confined Test Results— 20 psi
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Figure 32. ARAC Gap Graded Mixture — Confined Test Results— 30 psi
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Fgure 33. E* Master Curves for the ARAC Gap Graded Mixture

Figure 33 shows a comparison of the master curves results obtained for the unconfined
and confined tests. Table E-19 through Table E-22 contain additiond information on the
regresson coefficients for the master curves, and a table summarizing the data obtained

for each test.

The comparison of the results for the unconfined and confined tests in Figure 33 shows
that there is a dgnificat increese in the E* vadues with confinement a higher
temperatures and lower frequencies, compared to the low temperature part of the curve.
The difference in E* results between the unconfined and confined tests a  higher
temperaiures become less as the confinement is increased (400% increment from
unconfined conditions to a 10-ps confinement, 25% from 10 to 20-ps confinement, and

11% increment from 20 to 30-ps confinement). This increment is reduced a lower

A



temperatures between the unconfined and confined tests, but remained dSgnificant between

the different levds of confinement.

In addition, as shown in Figure 30 () and (b) there were cases where the E* vaues of the
gpecimens at 100 or 130 degrees were equivalent to those at 70 or 100 degrees
respectively. It has been surmised that this is due in large messure to the decreased role of
the asphdt cement in reationship to the increased role of the rubber particles, a higher

temperatures. Further analysis on this observation is presented in Section 6.3.3.

6.3.2. AR-ACFC OPEN Graded Mixture

Figure 34 through 37 are plots of (a) the effect of loading time on the measured dynamic
modulus for a sdected replicate test, (b) its corresponding shift factors plot, and (c) the
madter curve developed using the average of the three replicates. The plots show the
results for the unconfined as well as the three levels of confinement (10, 20, 30 ps) test.
Figure 38 shows a comparison of the master curves obtained for the unconfined and
confined tesdts. Table E-23 and Table E-26 contain additionad information on the
regresson coefficients for the master curves, and a table summarizing the data obtained

for each test.

Similar trends to the ARAC mixture were obsarved for the AR-ACFC mixture.

Figure 38 dhows a dggnificat increese in the E* vadues with confinement & higher

temperatures and lower frequencies, compared to the low temperature part of the curve.
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Figure 34. AR-ACFC Open Graded Mixture - Unconfined Test Results
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Figure 35. AR-ACFC Open Graded Mixture — Confined Test Results- 10 ps

97



10

E s1=42 psi for T=14°F
r s1=29 psi for T=40°F
r s1=25psi for T=70°F
B s1= 17 psi for T=100°F

3 *— ¢ s1= 16 psi for T=130°F

E*, x10"6 psi
|_\

0’1 1 1 1 11111
0,01 01 1 10 100
Loading Time (9
Temperature(°F)
- 14F =& 40F =¥ 70F —— 100F == 130F

a) Effect of Loading Time and Temperature on Measured Dynamic Modulus E* - Replicate #3

10

T ——

logaT

-2y =0.0002% — 0.0467x + 2.5662
6 R?=0.9969

-10 T T T
0 20 40 60 80 100 120 140
Temperature(°F) Temperature, °F
*20 044 ° 72 A 103 X132

b) Shift Factorsfor AR-ACFC Open Graded Mixture (Average of three replicates)

10

E* 1076 psi
H

o,
M%

0,1
-6 -5 -4 -3 -2 -1 0 1 2 3 4

Log Reduced Time, s
Temperature(°F)

*20 044 °72 4103 X132
c) Master Curvefor AR-ACFC Open Graded Mixture (Average of threereplicates)

Figure 36. AR-ACFC Open Graded Mixture — Confined Test Results— 20 psi
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Figure 37. AR-ACFC Open Graded Mixture - Confined Test Results— 30 ps
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Figure 38. E* Master Curvesfor the AR-ACFC Open Graded Mixture

The difference in E* results between the unconfined and confined tests a  higher
temperatures, however, day dgnificant as the confinement level is increased (250%
increment from unconfined conditions to a 10-ps confinement, 61% from 10 to 20-ps
confinement, and 62% increment from 20 to 30-pd confinement). In addition, this
difference between the different levds of confinements is negligible a lower (cold)
temperaiures. However, the difference between the unconfined and confined tedts is il

ggnificant a the lower temperatures.

6.3.3. Crumb Rubber Specimen
Because of the dmilarity in some of the test results obtained at 100 and 130°F, that is, the

inggnificant change in E* vaues a the higher temperaures, it was decided to conduct E*

tests on a crumb rubber specimen (80% crumb rubber and 20% urethane) and observe its

behavior. Figure 39 shows the result of E* at 70, 100, 130°F.

100



7 001
B

—

X

L

g

S ¥ | s1=0.29 ps for T=100°F
8 r/—’ e s1=0.43 psi for T=70°F
% s1=0.43 ps for T=130°%
I=

3 L

2 0.001 .

0.01 0.1 1 10 100
Loading Time (s)
== 70F —e— 100F —a— 130F

Figure 39. Crumb Rubber Sample: Effect of Loading Time and Temperature on the
Measured Dynamic Modulus (Unconfined Test)

It is observed that the E* vdues reman dmog the same throughout the test a the
different frequencies (loading time) and the three test temperatures. Note that the vertica
scde of the plot highlights some differences, but in redity those differences are minimal.
It can be concluded from this plot that there are no sgnificant changes in E* vaues
measured for the crumb rubber specimen due to temperature or time of loading changes.
These results may explan some of the behavior of the asphdt rubber mixture specimens
when tested a high temperatures. One posshility for the indgnificant changes in the E*
values messured for the AR mixture is that the effect of the asphalt cement on the mix is

reduced a the high temperatures, and the crumb rubber start dominating the behavior of

the mix at these higher temperatures.
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6.4. Comparison of Asphalt Rubber and Conventional Mixtures

A conventiond ADOT mixture utilizing PG 76-16 binder was used as a comparison to the
AR open and gap graded mixtures. Figure 40 shows the average E* madter curves for the
two AR mixtures, usng unconfined tests, compared with the conventiond PG 76-16
mixture mager curve. As it is shown, the PG 76-16 mixture shows a higher modulus

values at every temperature and frequency condition.

Figure 41 shows a smilar comparison for sdected values of test temperatures and loading
frequencies. However, it should be dso noticed that the difference in ar void content
between he PG 76-16 mixtures and the AR mixes had an impact on the results. Higher air
voids in the mix generdly result in lower modulus values Further comparison of these

mixes a amilar ar voids contents (specificaly for the gap graded mix) is needed.
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Figure 40. Unconfined Dynamic Modulus Master Curves for ARAC, AR-ACFC and
Conventiond PG 76-16 ADOT Mixture
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In addition, another comparison was made usng another conventiond ADOT mixture.
This time, the conventiond mix utilized was a PG 64-22 binder with smilar aggregate
source and ar voids content (10.53% in average). The data was available from a previous
sudy developed a Arizona State University (38). Figure 42 shows the master curves for
the three mixtures. It is observed that the modulus values are more comparable, leading to
the observation that the addition of rubber indeed enhances the properties of a PG 58-22
conventiond mixture. In fact, a high temperatures and lower frequencies, the AR mixture
had a higher modulus than the PG 64-22 conventiond mixture; at low temperaiures the
AR mixtures had lower modulus, both supporting the fidld observed performance of better

res stance to deformation at high temperatures, and to cracking a low temperatures.
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Figure 42. Unconfined Dynamic Modulus Master Curvesfor ARAC, AR-ACFC and
Conventiond PG 64-22 ADOT Mixture
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6.5. Modular Ratio (R)
Using the Dynamic Complex Modulus (E*) test results a 14°F and 100°F, both at 10 Hz,
for the AR mixes and results available at ASU from previous studies (13, 10, 38), the ratio
of the dynamic modulus between the different mixes and that of a reference sdected mix
can be cdculated. A comparison table and ranking can be established for the different
mixes. The ratio was ca culated using the following equation:

R=" E*mix (6.6)

E* Reference

Where

R = Modular Ratio

E* mix = Dynamic Complex Modulus vaue for a given mixture

E* Reference = Dynamic Complex Modulus vaue for the reference mixture

At cold temperatures, cracking is the most important consderation for an AC mixture. If
the mix is too giff, it will crack eadly. Thus, to achieve the desred behavior of less or no
cracking of an AC layer a a cold temperature, a lower giffness is advisable. Therefore, in
the ranking shown in Table 11 (E* a 14°F), the best performance will be that for the mix
with the lowest E* vdue Conversdy, a high temperatures, rutting or permanent
deformetion is the mogt important distress that the AC mixture is affected by. Thus, the
desred behavior of an AC mixture a high temperatures is to have as Hiff a layer as
possible. Therefore, the ranking shown in Table 12 shows that the best mix is the one tha

has the highest E* a 100°F.
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Table 11. Tabular Summary of the Modular Rétio at 14°F and 10 Hz

Mix Binder AC | Va Nominal E*
ID Type (%) | (%) Aggregate (ks) | R |Rank
AR-ACFC 58-22(R) | 88 | 17.6 9.0-mm OG 12371059| 1
ARAC 58-22(R) | 6.8 | 10.9 19.0-mm GG | 1525|0.73| 2
WesTrack Section C2 64-22 48 | 93 | 125-mmFDGM | 1642 (0.80| 3
ALF Lane8 Novophat | 4.7 | 119 | 19.0-mmDGM | 1926 |093| 4
ADOT Conventiond 64-22 41 | 105 | 19.0-mmDGM | 2065|1.00| 5
ADOQOT Conventiond 58-28 6.1 | 64 | 19.0-mmDGM | 2245|1.09| 6
MnRoad Cell 20  [PEN 120/150| 6.1 | 6.3 | 125-mmDGM | 2715|1.32| 7
ALFLane4 AC20 49 | 9.7 | 19.0-mmDGM | 2727 (132 8
WesTrack Section C24 64-22 58 | 7.5 | 125-mmCDGM | 2833 (137 9
ADOQOT Conventiond 76-16 49 | 79 | 19.0-mmDGM | 3044 |147| 10
ALFLane3 AC-5 48 | 7.7 | 19.0-mmDGM | 4101 [1.986| 11
where: DGM = Dense Graded Mixture

CGDM = Coarse Dense Graded Mixture
FDGM = Fine Dense Graded Mixture
GG = Gagp Graded Mixture

OG = Open Graded Mixture
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Table 12. Tabular Summary of the Modular Ratio a 100°F and 10 Hz

Mix Binder AC | Va Nominal E*
ID Type (%) | (%) Aggregate (ks) | R |Rank
ADOT Conventiond 76-16 49 | 79 | 19.0-mmDGM | 490 (401| 1
WesTrack Section R4 64-22 52 | 6.6 | 125-mmFDGM | 409 (3.35| 2
WesTrack Section R23|  64-22 58 | 49 | 125-mmCDGM | 327 (2.68| 3
ALF Lane8 Novophat | 4.7 | 11.9 | 19.0-mmDGM | 267 |219| 4
ALF Lane12 AC-20 41 | 74 | 37.5-mmDGM | 215 [1.76| 5
ADOQOT Conventiond 58-28 61| 64 | 19.0-mmDGM | 196 |161| 6
ADOT Conventiona 64-22 41 | 105 | 19.0-mmDGM | 122 |1.00| 7
MnRoad Cell 20  [PEN 120/150, 6.1 | 6.3 | 125-mmDGM | 115 |[0.94| 8
ARAC 58-22(R) | 6.8 | 10.9 19.0-mm GG 107 |0.88| 9
AR-ACFC 58-22(R) | 88 | 17.6 9.0-mm OG 101 |0.83| 10
where: DGM = Dense Graded Mixture

CGDM = Coarse Dense Graded Mixture
FDGM = Fine Dense Graded Mixture
GG = Gagp Graded Mixture

OG = Open Graded Mixture
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For this analyss, the PG 64-22 conventiond ADOT mixture, mentioned in the previous
section, was used as the reference mixture. At the sedected temperature of 14 °F, Table 11
shows that the AR mixes have the lowest E* vaues (lowest modular ratio). The lower the
modulus a low emperatures, the better the mix resstance to cracking. Table 12 shows the
modular retio a 100°F. The AR mixes are ranked at the bottom of the table. This was
atributed to lower diffness vaues (from the unconfined tests) observed for these mixtures
a high temperatures, and dso because these mixes had much higher ar void content.
However, the fidd experience with these mixes observed from severa projects show that
the AR mixtures have excdlent performance (great resstance to permanent deformation)
a high temperatures. Since the fidd mixtures are subjected to different levels of
confinement, it was decided to further compare the E* test results a confined testing
conditions. Test results usng 20-ps levd of confinement were avalable for conventiond
and AR mixtures (10). For this comparison the ARAC mixture was chosen as the
reference mixture. Table 13 and 14 show the modular ratio (10 Hz) a 14°F and 100°F,
respectively. It is observed that the AR mixes ranked a the top of Table 13, showing the
bet peformance (lowest dynamic modulus) smilar to the unconfined test results.
However, Table 14 shows tha the ranking is oppodte to wha was observed in the
unconfined tests. The ranking of the AR mixture was increased higher than those of the
conventional mixtures. The AR-ACFC Open Graded mixture had the highest dHiffness
followed by the ARAC Gap Graded mixture. Since this is what is being obsarved in the
fidd, it is concluded that the confined E* tests better describe the performance of the AR

mixture than the unconfined E* teds.
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Table 13. Tabular Summary of the Modular Ratio at 14°F and 10 Hz for 20-ps Confined

Test Results
Mix Binder |AC | Va Nominal E*
ID Type (%)| (%) Aqggregate (ks) | R [Rank
ARAC 58-22 (R) | 6.8 |10.9(19.0-mm Gap Graded | 1498 |1.00| 1
AR-ACFC 58-22 (R) | 8.8 |17.6|9.0-mm Open Graded | 1615 |1.08| 2
ALFLane3 AC-5 |48 |77 19.0-mm DGM 1947 (1.30| 3
ALFLane8 Novophdt | 4.7 |11.9 19.0-mm DGM 2351 (1.57| 4
WesTrack SectionC2 | 64-22 | 4.8 |93 12.5-mm FDGM | 4233 |2.83| 5
WesTrack Section C24| 64-22 |58 | 75| 125-mmCDGM |4601 [3.07| 6
ALFLane4 AC-20 |49 |97 19.0-mm DGM 6137 (4.10| 7
where: DGM = Dense Graded Mixture

CGDM = Coarse Dense Graded Mixture
FDGM = Fine Dense Graded Mixture
GG = Gagp Graded Mixture

OG = Open Graded Mixture
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Table 14. Tabular Summary of the Modular Ratio at 100°F and 10 Hz for 20-ps Confined

Test Results
Mix Binder [AC | Va Nominal E*
ID Type |[(%)|(%) Aggregate (ks) | R | Rank
AR-ACFC 58-22 (R) | 8.8 {17.6|9.0-mm Open Graded| 875 |1.02| 1
ARAC 58-22 (R) | 6.8 {10.9|19.0-mm Gap Graded| 862 |1.00| 2
WesTrack Section R4 64-22 |52 6.6 19.0-mm FDGM 812 |094| 3
ALF Lane12 AC-20 |41 |74 37.5-mm DGM 664 |0.77] 4
WesTrack SectionR23| 64-22 |58 |49 | 19.0-mmCDGM 518 |0.60| 5
ALFLane8 Novophdt | 4.8 | 7.7 19.0-mm DGM 314 |037| 6

where

DGM = Dense Graded Mixture

CGDM = Coarse Dense Graded Mixture

FDGM = Fine Dense Graded Mixture

GG = Gap Graded Mixture

OG = Open Graded Mixture
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6.6. Witczak E* Predictive Equation Analysis

Currently, in the development of the new AASHTO 2002 Pavement Design Guide, the
Dynamic Complex Modulus of HMA pavements (E*) is one of the fundamenta
engineering properties used for asphdt mixtures characterization. One of the hierarchica
levels for inputting E* in the andyss program is to use the Witczak Dynamic Modulus
Predictive Equation (10,36). The equation uses properties of the binder, aggregates, and
some volumetric properties of the mixture as an input. Over the last 30 years, the Witczak
Dynamic Modulus Predictive Equetion evolved and became one of the mogt rationd and
comprehensive equation 36). The last two updates were in 1996 by Fonseca and Witczak
(37), the equation included a database of 1430 points covering 149 types of conventiona
agphdt mixes, and in 1999, Andreé and Witczak added 56 additiond mixes, 34 of which

were modified, and increased the database to 2750 points.

The 1996 Witczak Dynamic Modulus Predictive Equation is shown below:

LogE = — 0.261 + 0.008225. pzoo — 0.00000101.( paoo)? + 0.00196. ps — 0.03157. Va —

—0.415._Vbes + 1.87 + 0.002808. ps + 0.0000404. pag - 0.0001786.(pzg)* + 0.0164. pa4
(Vbeff+Va) 1+ e(-0.716.log(f) —0.7425.10g(h))

(6.7)

The 1999 current verson is

LogE = — 1.249937 + 0.029232. paoo — 0.001767.( Paoo)? — 0.002841. ps — 0.058097. Va —

—0.802. Vbeg + 3.87—0.0021. ps + 0.003958. psg - 0.000017.(pzs)? + 0.005470. pzs
(Vbeﬁ+Va) 1+ e(—0.603313 - 0.31335.10g(T) — 0.393532.Tog(h))

(6.9)
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where:

E Asphdt Mix Dynamic Modulus, in 10° ps

h Bitumen viscosity in 10° poise (at any temperature, degree of aging)

f Load frequency in Hz

Va  %ar voidsin the mix, by volume

Vbeit % effective bitumen content, by volume

psa % retained on the % inch Seve, by total aggregate weight (cumulative)
pss % retained on the 3/8-inch Seve, by totd aggregate weight (cumulative)
P4 % retained on the No. 4 Seve, by total aggregate weight (cumuletive)

P00 % passing the No. 200 Seve, by total aggregate weight

It is important to notice that both versons not only differ in the vaue of the coefficients,
but dso in the number of coefficients 13 parameters were used for the 1996 version,
whereas 14 parameters were used for the current verson. This had an impact on the

andydsin this report, which will be explained in later sections.

The purpose of this pat of the anadyss was to evduate the goplicability of the Predictive
Equation to the asphdt rubber (AR) mixtures. Primarily because the predictive equation
was cdibrated with data that did not include data representing AR mixtures, nor included
mixtures with high ar void content. The actua laboratory measurements of the E* vaues
presented in the previous sections (6.3.1 and 6.3.2), which were obtained a different

temperatures, frequencies, and levels of confinement, were compared with predicted
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vaues computed usng the Witczak Predictive Equation. The results are discussed in the

next section.

6.6.1. Assessing the applicability of the current version of the Predictive Equation on
the Asphalt Rubber mixtures

The predicted E* vaues for the AR mixtures were obtaned usng the volumetric
properties of the AR mixtures (VA%, aggregate gradation, Vbeff%). The input for the
predictive equation aso required for the AR binder. These were edtablished from the
conventional binder tests outlined in Chepter 2. Table 15 contans a summay of the

parameters used in the Witczak Dynamic Modulus Predictive Equetion.

6.6.1.1. Unconfined Test Results

Figure 43 and 44 show the plots of predicted versus measured E* obtained for the
unconfined tests in both arithmetic and logarithmic spaces. It is quite clear that the AR-
ACFC mixture was not well predicted by the equation, while the ARAC mixture was well
predicted and represented with an R? = 0.95. However, in the log-space plat, there is a
tendency for the equation to over predict the E* vdues & medium-to-high temperature
range, and medium-to-low frequencies for both mixtures. Usng the 1999 verson of the
Predictive Equation, the ARAC Gap Graded had an adjusted B = 0.95 and a Se/Sy ratio
of 0.25; while the statistics were B = 0.19 and a Se/Sy ratio of 0.98 for the AR-ACFC
Open Graded mixture. For both mixtures combined, the statistics were an R = 0.56 and a

Se/Sy ratio of 0.69 was obtained.
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Table 15. Input Parameters of ARAC and ACFC Mixtures for the Witczak Dynamic

Modulus Predictive Equetion
Characteristic ARAC AR-ACFC
Material Property Gap Graded Open Graded
Viscosity A -2.4795 -2.4795
VTS 7.6903 7.6903
Ya 100 100
Gradation 3/8 67 100
(% Passing) #4 39 38
#200 2.8 24
VA (%) 10.87 17.63
Asphalt Binder Percentage (%) 6.8 8.8
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Figure 43. Comparison of Predicted and Measured Dynamic Modulus Vauesfor the
Asphat Rubber Mixtures Using Current Version (1999) of the Witczak Predictive
Equation — Arithmetic Space
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Figure 44. Comparison of Predicted and Measured Dynamic Modulus Vauesfor the
Asphalt Rubber Mixture Using Current Version (199) of the Witczak Predictive Equation

— Logarithmic Space
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The plots clearly show the differences between the resuts of ARAC and AR-ACFC
mixtures. It is aso important to redize that both mixtures had the same binder (58-22 with
crumb rubber), but had different aggregate gradation and ar voids content. In 1999,
Andreé and Witczek found that severd mixtures with the same type of binder but with
different aggregate gradations had quite different results (36). In addition, further
evduaion of the aggregate gradation of the AR mixtures and the mixtures in the
Predictive Equetion database showed that the AR-ACFC mixture was not represented in

the database, thus forcing extrapol ation and reducing the accuracy in prediction.

In the same way, the ar voids (Va) content played a key role in these differences. The
range of different air void contents for the mixes in the database by Andrei and Witczak
typicdly ranged between 5% to 10%. Thus, consdering only the ar void range, the modd
will have a good E* prediction for mixtures with Va lower than 8% and a fair prediction
for mxtures up to Va = 12%. The ARAC mixture (Va = 10.87%) was represented in the
cdibration moded, and thus the model provided a good prediction. On the other hand, the
AR-ACFC mixture (Va = 17.63%) had no representation in the moded and the E*

prediction did not have good prediction.

6.6.1.2. Confined Test Results
The results from the confined laboratory tests showed that the measured E* vaues where
higher than those predicted by the equation. Since the difference of predicted/measured E*

vaues for these levels of confinement was so dgnificant, and the fact that the Witczak
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Equation was cdibrated with data obtained from unconfined tests, no further analyss was

performed with the confined test results.

6.6.2. Witczak et al. Dynamic M odulus Predictive Equation only for AR Mixtures

Because the current verson of the predictive equation did not predict with sufficient
accuracy the AR-ACFC mixture, and there was a bias in the prediction for both mixtures
a the lower frequencies and higher temperatures, an additiond effort to revise the
coefficient of the equation for AR mixtures was conducted even though the ARAC
mixture was well predicted (R® = 0.95). Nonlinear optimization of the regression
coefficients in the logarithmic space was made, using the same format of the eguetion
(number of coefficients) as cdibrated by Andre and Witczak 36). Equation 6.9 shows the
new coefficients developed for the AR mixtures done, and Fgure 45 and 46 show the

predicted/measured plot for the AR mixtures using this equation.

Proposed Witczak Dynamic Modulus Predictive Equation for Asphalt Rubber mixtures

LogE = — 1.047299 — 1.393676. paoo — 12.930698.( paoo)? + 0.388983. ps — 0.435006. Va +

—0.1956. Vbeg + 4.11—2.329. ps+ 3.4602. psg — 0.048965.(pss)’ + 0.005470. Paa
(Vbet + Va) 1 + g(-0-003991 - 0.006156.Tog(T) — 0.316338.Tog (M)

(6.9)
As it can be seen from the plot, this new equation with modified coefficients provides
good prediction for both the ARAC and AR-ACFC mixtures. The ARAC mixture had an
R? = 0.95 and a Se/Sy ratio of 0.24 while the AR-ACFC mixture statistics were: R = 0.96

and a S&/Sy ratio of 0.22, dl in the logarithmic space. Findly, both nixes together had an
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R? = 0.81 and a Se/Sy ratio of 0.45 in the arithmetic space and an B = 0.96 and a Se/Sy

ratio of 0.22 in the logarithmic space.

6.7. Summary of the Dynamic Modulus Tests

Severd tests were performed to obtain the Dynamic (Complex) Modulus properties of two
Asphdt Rubber (AR) mixtures studied: ARAC Ggp Graded and AR-ACFC Open Graded
mixtures. Both mixtures utilized a base binder grade of PG 58-22. Additiondly, a crumb
rubber specimen consisting of 80% crumb rubber and 20% urethane was tested to verify
the behavior of AR mixtures a high temperatures. There were cases where the dynamic
modulus values a 100 or 130°F were equivaent. It has been surmised that this is due in
large measure to the decreased role of the asphat cement in relationship to the increased

role of the rubber particles at higher temperatures.

In addition, unconfined dynamic modulus test results for the two AR mixtures were
compared with avalable test results for conventiona mixtures. The two conventiond
ADOT dense gaded mixes include a mix with a PG 76-16 binder, and another one with a
PG 64-22 binder. The AR mixtures had generdly lower modulus vaues compared to the
PG 76-16 mixture; while they had comparable modulus results with the PG 64-22
mixture. A modular ratio was caculated for the two AR mixtures as well as for severd
other mixtures available at ASU’s database. The modular ratio used the modulus values of
a conventiond PG 64-22 mixture as a reference, and ranking of the severa mixtures were

done a 14°F and 100°F, using the test frequency resultsat 10 Hz.
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At low temperatures, the AR exhibited the lowest modular ratio (lowest giffness) and
therefore the bet performance against cracking. At high temperatures, the unconfined test
results did not show any disadvantage of usng the AR mixtures as the results yielded low

diffness vaues (lower modular rétio).

However, when a comparison of the stiffnessmodular ratio, was made usng the confined
tes reaults, the AR mixtures showed the highest diffness (highet modular ratio) and
therefore the best expected performance againgt permanent deformation. This was an
important finding, snce this type of behavior (ranking order of mixes) is wha is beng
observed in thefield.

Finaly, the Witczak Dynamic (Complex) Modulus Predictive Equation was used to check
if the Asphat Rubber mixtures response could be predicted accurately by the predictive
equation. It was found that the ARAC mixture could be predicted accurately, while the
AR-ACFC was under predicted by the equation. It was supposed that these results were
because mixtures that form the Predictive Equation database represented the volumetric
characterigtics of the ARAC mixture, but did not represent the volumetrics and gradation
of the AR-ACFC mixture. An attempt was made to come up with tentative revised
coefficients, which would be vdid for Asphdt Rubber mixtures. Only the unconfined test
results were used in this effort, snce the eguation was cdibrated only with unconfined E*
test results Despite the limited number of tests used for this new cdibration, the revised

coefficient and prediction were satisfactory.
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Based on the laboratory test results and observations made in this research study, the

following conclusions can be made:
The dynamic modulus tests results obtained in this study showed that the use of
crumb rubber modified binders enhances the properties of the asphat mixture, both
at low and high temperatures.
When conducting dynamic modulus tests on asphdt rubber mixtures usng different
levels of confinement, a dgnificant increese in the modulus vaues is obsarved a
high temperaiures and low-test frequencies The increment was not as sgnificant
when the test was performed at low temperatures for the AR-ACFC open graded
mix.
When comparing the E* results a different leveds of confinement a high
temperatures and low frequencies, it was found that for the ARAC mixture an
increment as high as 400% is obtained when changing from the unconfined test to
the 10-ps confined test. This increment is dradticaly reduced as the confinement is
increased (25% and 12% when changing from 10 ps to 20 ps and 20 ps to 30 pg,
respectively). For the AR-ACFC mixture, these changes are 250%, 61% and 62%,
repectivdly showing that the levd of confinement is dill consderable for this
mixture.
For some test specimens, it seemed tha they were not affected by an increase in
temperature from 70 to 130°F or loading frequency. Thus, a crumb rubber specimen
(80% crumb rubber and 20% urethane) was tested to verify the behavior of the

crumb rubber component under changing conditions of temperature and loading
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frequency. It was found that the crumb rubber specimen was unaffected by ether of
these factors, supporting the research team suspicion that the crumb rubber may
have dominated the specimens performance a higher temperatures a the same time
when the binder contribution becomes less.

The Witczak Dynamic (Complex) Modulus Predictive Equetion was vdid for the
ARAC mixture. This was éttributed to the fact that the detabase used for the
Predictive Equation had mixtures with smilar characterisics (volumetrics) to those
for the ARAC mixture. On the other hand, the Predictive Equation was not vaid for
the AR-ACFC mixture. This was essentidly due to its aggregate gradation and the
ar void content, as both were not represented in the database used for developing

the equation.
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7. CRACKING TESTS

7.1. FATIGUE CRACKING TESTING

7.1.1. Background for the Flexural Beam Fatigue Test

One objective of this sudy was to dart developing a database of typicd ADOT AR
mixture fatigue properties and parameters for use with the implementation of the 2002
AASHTO Dedgn Guide. Load associated fatigue cracking is one of the mgor distress
types occurring in flexible pavement sysems. The action of repested loading caused by
traffic induced tensle and shear stresses in the bound layers, which will eventudly lead to
a loss in the dructurd integrity of a dabilized layer materid. Fatigue initiated cracks at
points where critica tendle drains and sresses occur.  Additiondly, the critical drain is
dso a function of the diffness of the mix. Since the diffness of an agphdt mix in a
pavement layered sysem vaies with depth; these changes will eventudly effect the
location of the criticd dran that varies with depth; these changes will eventudly effect
the location of the critical drain that causes fatigue damage. Once the damage initiates at
the criticd location, the action of traffic eventudly causes these cracks to propagate

through the entire bound layer.

Over the lagt 3 to 4 decades of pavement technology, it has been common to assume that
faigue cracking normaly initiates a the bottom of the asphdt layer and propagates to the
surface (bottom-up cracking). This is due to the bending action of the pavement layer that
results in flexura dresses to develop a the bottom of the bound layer. However,

numerous recent worldwide studies have dso clearly demondrated that fatigue cracking
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may aso be initiated from the top and propagates down (top-down cracking). This type of
faigue is not as wdl defined from a mechanigtic viewpoint as the more classicd “bottom-
up’ fatigue. In generd, it is hypothesized that critical tendle and/or shear stresses develop
a the surface and cause extremedy large contact pressures a the tire edges pavement
interface this, coupled with highly aged (diff) thin surface layer that have become
oxidized is fdt to be responsble for the surface cracking that developsin order to
characterize fatigue in agphdt layers, numerous model forms can be found in the exiding
literature. The most common modd form used to predict the number of load repetitions to
faigue cracking is a function of the tensle drain and mix giffness (modulus). The basic
dructure for dmost every fatigue model developed and presented in the literature for

fetigue characterization is of the following form (23):
K Lk
Ni = Kog—= e, =K. (e)"*(E)™

where:
N = number of repetitions to fatigue cracking
e; = tengle drain a the critical location
E = diffness of the materid

K1, ko, ks = laboratory cdibration parameters

In the laboratory, two types of controlled loading are generdly egpplied for faigue
characterization: constant sress and constant srain.  In constant Stress testing, the applied

dress during the fatigue testing remains congant.  As the repetitive load causes damage in
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the test specimen the drain increases resulting in a lower gdiffness with time.  In case of
congtant drain test, the strain remains congtant with the number of repetitions. Because d
the damage due to repetitive loading, the stress must be reduced resulting in a reduced
diffness as a function of repetitions. The congant dress type of loading is considered
goplicable to thicker pavement layers usudly more than 8 inches. For AC thicknesses
between these extremes, faigue behavior is governed by a mixed mode of loading,
mathematicaly expressed as some modd yidding intermediate faigue prediction to the
congtant drain and stress conditions. Because of the different stress states and damage
mechanism for different thicknesses of the asphdt or bound layers, the fatigue mode thet
will be employed in the 2002 Desgn Guide is the congant drain and condant stress
models developed by Shell Oil. These modds will be nationdly cdlibrated (field adjusted)
in the 2002 Desgn Guide study. For the ASU / ADOT sudy; these models will again be
cdibrated to specificaly predict the most accurate comparison to performance of actud

ADOT AC conventiond and AR mixtures.

7.1.2. Testing Equipment

Hexural fatigue tests are performed according to the AASHTO TP8 (13), and SHRP M-
009 (24). The flexura fatigue test has been used by various researchers to evduate the
fatigue performance of pavements (26,27,28,29,30). Figure 47 shows the flexurd faigue
goparaus. The device is typicaly placed insgde an environmenta chamber to control the

temperature during the test.
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Figure 47. Hexurd Fatigue Apparaus

The cradle mechanism dlows for free trandaion and rotation of the clamps and provides
loading at the third points as shown in Figure 48. Pneumatic actuators at the ends of the
beam center it laterdly and clamp it. Servomotor driven clamps secure the beam at four
points with a pre-determined clamping forcee. Haversne or snusoidd loading may be
goplied to the beam via the built-in digitd servo-controlled pneumatic actuator. The
innovative “floating” on-specimen  transducer measures and controls the true beam
deflection irrespective of loading frame compliance. The test is run under dther a

controlled strain or a controlled stress loading.
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Fgure 48. Loading Characterigtics of the Flexura Fatigue Apparatus

In the condtant stress mode, the stress remains congtant but the strain incresses with the
number of load repetitions. In the congtant drain test, the dtrain is kept constant and the
dress decreases with the number of load repetitions. In ether case, the initid deflection
level is adjused s0 that the specimen will undergo a minimum of 10,000 load cycles
before its stiffness is reduced to 50 percent or less of the initid diffness. In this sudy, dl

tests were conducted in the control strain type of loading.

7.1.3. Test Procedureand Calculations
The tet utilized in this sudy applied repeated third-point loading cycles as was shown in
Figure 48. The snusoida load was gpplied a a frequency of 10 Hz. The maximum
tengle stress and maximum tensile strain were cdculated as:

s¢=0.357P/bH (7.2)

e=12dh/(3L%-4&) (7.2
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where,
St = Maximum tensle stress, Pa
e = Maximum tengle drain, m/m
P = Applied load, N
b = Average specimen width, m
h = Average specimen height, m
d = Maximum deflection at the center of the beam, m
a = Space between insde clamps, 0.357/3 m (0.119 m)

L = Length of beam between outsde clamps, 0.357 m

The flexurd stiffness was calculated as follow.
E=s(/e (7.3)

where,

E = Hexurd diffness, Pa
The phase angle (f ) in degrees was determined as follow.

f =360fs (7.4)
where,

f = Load frequency, Hz

s= Timelag between Pnax and dmax, Seconds

The disspated energy per cycle and the cumulative disspated energy were computed

using Equations 7.5 and 7.6, respectively.
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W=p St e anf (7.5)

i=N
Cumulative Dissipated Energy = § w, (7.6)

i=1
where,
w = Dissipated energy per cycle, JnT

w; = w for theit" load cyde

During the test the flexurd dHiffness of the beam specimen was reduced after each load
cycle. The diffness of the beam was plotted againg the load cycles, the data was best

fitted to an exponentid function asfollow.

E=g &V (7.7)
where,

E = Flexurd diffness after nload cycles, Pa

E = Initid flexurd diffness Pa

e = Natura logarithm to the base e

b = Congtant

N = Number of load cycles

Once Equation 7.7 was formulated, the initid diffness S can be obtained. Failure was
defined as the point & which the specimen siffness is reduced to 50 percent of the initid
diffness  The number of load cydes a which falure occurred was computed by solving

Equation 7.7 for N, or smply:
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Niso=[In(Es0/E)] /b (7.8)
where,
Nt 50 = Number of load cyclesto falure

Er 50 = Stiffnessét falure, Pa

7.1.4. Material And Specimen Preparation
7141 Materials
All beam specimens were prepared using the hot mix asphdt rubber mixes that were

obtained during congtruction.

7.1.4.2. Mold Assembly

The AASHTO TP8-94 (13), and SHRP M-009 (24), flexurd fatigue testing protocol,
require preparation of oversze beams that later have to be sawed to the required
dimensons. The find required dimengons ae 15 + 1/4 in. (380 £ 6 mm) in length, 2 +
V4in. (50 £ 6 mm) in haght, and 25 = 1/4 in. (63 £ 6 mm) in width. The procedure does
not specify a specific method for preparation. Several methods have been used to prepare
beam moalds in the laboratory including full scae rolling whed compaction, miniaiure
rolling whed compaction, and vibratory loading.

In this study beams were prepared using vibratory loading applied by a servo-hydraulic
loading machine. A beam mold was manufactured with dructura sted that is not
hardened. The mold congsts of a cradle and two side plates as shown in Figure 49. The

ingde dimengons of the mold are 1/2 inch (12 mm) larger than the required dimensions of
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the beam &fter sawing in each direction to dlow for a 1/4 inch (6 mm) sawing from each
face. A top loading platen was origindly connected to the loading shaft assembly in the
middle as shown in Figure 50. Note that the top platen is made of a series of sted plates
welded a the two ends to distribute the load more evenly during compaction The loading
shaft was connected to the upper sted plate rather than extending it to the bottom plate so
that an arch effect is introduced that would assgt in didributing the load more uniformly.
In addition, it was found that if the bottom surface d the bottom plate is machined to be
dightly concave upward, it would counter baance any bending tha might occur during

compaction and produce more uniform air void digtribution.

Figure 49. Manufactured Mold for Beam Compaction

131



Figure 50. Top Loading Platen

7.1.4.3. Specimen Preparation

The asphat rubber concrete mixture was heated for two hours a 329°F (165°C). The
mold was heated separately for one hour a 329°F (165°C). The mixture was placed in the
mold in one load. The mold was then placed on the bottom plate of the loading machine

and the top platen was lowered to contact the mixture.

A smdl load of 0.2 ps (14 kPa) was then applied to seat the specimen. A dress
controlled snusoidd load was then gpplied with a frequency of 2 Hz and a peak-to-peak
sress of 400 ps (2.8 MPQ) for the compaction process. Since the height of the specimen
after compaction was fixed, the weight of the mixture required to reech a specified ar
void value was pre-cdculated. Knowing the maximum theoretical specific gravity and the

target ar voids, the weight of the mixture was determined. During compaction the

132



loading machine was programmed to stop when the required specimen height was
reached. Immediatdy after compaction, the temperatures of some beams were measured

using an infrared thermometer and were about 248°F (120°C).

After compaction, specimens were left to cool to ambient temperature. The specimens
were brought to the required dimensons for feigue tesing by sawing 1/4 inch (6 mm)
from each sde (Figure 51). The specimens were cut by using weater cooled saw machine
to the sandard dimenson of 2.5 in. (63.5 mm) wide, 2.0 in. (50.8 mm) high, and 15 in.
(381 mm) long. Findly, the arr void content was measured by using the saturated surface-
dry procedure (AASHTO T166, Method A) for the Gap Graded mixture. The air voids of

the Open Graded mixture were measured using the Corel ok device.

Figure 51. Specimen sawing
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Figure 52. Asphalt rubber GAP graded mix specimen

7.1.5. Testing Factorial

A full testing factoriad was used for each mix. Three temperature levels (40, 70, 100 °F)
were used for the gap graded mixture; whereas two temperature levels (40, 70 °F) were
used for the open graded mixture. One load mode (control strain) usng sx levels of

grain, at one replicate, each was used for each test temperature.

7.1.6. Test Conditions

In summary the following conditions were used:
Air voids: 11% for gap graded specimens and 18% for open graded specimens.
Load condition: Congtant sirain leve, 6 levels of the range (300-1750 mstrain)
Load frequency: 10 Hz
Test temperature; 100,70, and 40 °F (37.8, 21.1, and 4.4 °C) for gap graded
specimens and 70 and 40 °F (21.1, and 4.4 °C) for open graded specimens.

Specimens  that fell outsde of the desred ar void content within +1.0% had to be
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discarded. The tests were performed acording to the AASHTO TP8, and SHRP M-009
procedures.  Initid flexura tiffness was measured a the 50" load cycle Fatigue life or
falure under control strain was defined as the number of cycles corresponding to a 50%
reduction in the initid diffness. The loading on most specimens was extended to reach a
find diffness of 30% of the initid diffness ingead of the 50% required by AASHTO TP8
and SHRP M-009. The control and acquisition software load and deformation data were

reported at predefined cycles spaced at logarithmic intervals.

7.1.7. Test Resultsand Analysisfor the Flexural Beam Fatigue Test
Tabular summaries of the fatigue test results are presented in Appendix F. Fatigue
relationships (flexurad dran versus the number of loading cyces) for each test

temperature are shown in Figure 54 and 55.

Fgure 53 shows the fatigue curves for the ARAC mixture. These plots were obtaned
from controlled strain tests conducted at 40, 70, 100 °F. The regression equations for each
temperature  (Ni=k1e?) are dso shown on the plot dong with the coefficient of
determination (R?) for each reaionship. A summary of the regression equations is shown
in Table 16. The high R? vaues are indication of excelent modds accuracy. The
relationships obtained ae raiond in tha lower fatigue life (number of repetitions) is

obtained as the temperature decreases.
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Fatigue Relationship for the Asphalt Rubber Gap Graded
Mix (ARAC) at the Three Test Temperatures
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Fgure 53. Controlled Strain Fatigue Relationships for the ARAC Mixture

Table 16. Summary of Regression Coefficients for the Fatigue Relationships

Test Temperature °F
MIX TYPE 100 70 40
K1 K2 R’ K1 K2 R K1 K2 R’
ADOT PG 76-16 | 1.00E-10| 4.607 0.99 1.00E-11 | 4.724 0.97 2.00E-10] 4.171 0.74
ARAC 2.00E-07| 4.035 0.94 | 3.00E-08 | 3.899 0.94 | 8.00E-20 7.194] 0.96
AR-ACFC 2.00E-07 | 3.850 0.98 | 1.00E-13 5.521] 0.97

* Ne=K1 * (Lg)

* At 50% of Initial Stiffness
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Figure 54 shows dmilar reationships for the AR-ACFC mixture. Initidly, no fatigue
tests were scheduled for this mixture. However, limited testing was conducted at the end
of the testing program for comparative purposes. Therefore, only two test temperatures are
shown in this plot. The regresson equations for each temperature are shown on the plot
with their redective R® vdues Both R® vadues are indicaive of excdlent modds
accuracy. The rdationships are dso rationd in that lower fatigue life is obtained for the

the lower test temperature.

Fatigue Relationship for ADOT Asphalt Rubber Open
Graded Mix (AR-ACFC) at Two Test Temperatures
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<
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o
9 1.E-03 A \
o
=}
x
@
LL
o
1.E-04 T :
1.E+03 1.E+04 1.E+05 1.E+06
N - Number of Repetitions
Nf(40) = 1E-13™%%% Nf(70) = 2E-076%85?
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Fgure 54. Controlled Strain Fatigue Relationships for the AR-ACFC Mixture
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Figure 55 shows a comparison of the two AR mixtures dong with ADOT conventiond
PG 76-16 mix. the comparison is made a the test temperature of 70°F and at 50%
reduction of initid siffness for each mix. Note that the ar voids for the PG 76-16 mix is
7% whereas the ar voids for the ARAC and AR-ACFC mixtures are 11% and 18%,
respectively.  In addition, it is worth mentioning that the binder content for the PG 76-16

is4.20% compared to 6.8% for the ARAC and 8.8% for the AR-ACFC mix.

The rdationship observed in Figure 55 has excdlent measures of models accuracy. The
rdaionships are dso raiond in that higher binder content mixtures yielded higher fatigue
life despite the ar void content variations between the mixtures. It is dso clearly noted
that both of AR mixtures would result in higher fatigue life than the conventiona Chevron
PG 76-16 mix. The ARAC mix resllt is goproximady 3 times longer in faigue life
whereas, the AR-ACFC mix results in 15 to 16 times longer fatigue life than the PG 76-16

mixture.

Table 17 summarizes the K1-K3 Coefficients of the generdized fatigue modd for the
three mixtures. Two sets of coefficients are included: one for the andyss done a 50%
reduction of initid diffness, the other for the analysis conducted a 30% reduction of
intid diffnress.  Both type of andyss yidded good to excelent measures of modd
accuracy. It is dso noted that the models developed for the AR-ACFC mixture used only
tests conducted at two temperatures (40 and 70 °F) compared to the other two mixes

where data were available for three test temperatures (40, 70, 100 °F).
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Comparison of Controlled- Strain Fatigue Relationship at 70 °F
and 50% Reduction of Initial Stiffness
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Figure 55. Contralled Strain Fatigue Relaionships for SRB, ARAC, and AR-ACFC mixes

Table 17 Summary of the Regresson Coefficients for Generalized fatigue Equation

50% OF INITIAL STIFFNESS, S, @ N=50 | 30% OF INITIAL STIFFNESS, S, @ N=50
MIX TYPE Cycles Cycles
K1 K2 K3 R? K1 K2 K3 R?
ADOT PG 76-16 | 1.32E-03 | 4.954 1.531 0.97 | 9.99E-01| 3.616 1.163 0.82
ARAC 2.50E-02 | 4.231 1.267 0.75 | 3.52E-05| 3.921 0.520 0.95
AR-ACFC 7.81E+03| 2.997 1.530 0.99 |2.12E+08| 1.998 1.705 0.97

* Ny =K1 * (1) “** (1/E0)*®

* Note that only Temperatures were conducted for the AR-ACFC mix.
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7.1.8. Summary for the Flexural Beam Fatigue Test
Congant strain FHexurd tests were performed according to the AASHTO TP8 and SHRP

M-009 procedures to evauate the fatigue performance of the two asphalt rubber mixtures.

The fatigue modds developed for the AR mixtures in this sudy had excelent
measures of accuracy and were rationd in that lower fatigue life was obtained as
the test temperature decreased. Furthermore, a comparison was made of the
fatigue life obtained for the AR mixes with an ADOT PG 76-16 conventiona
dense graded mix.

The fatigue life was found to be higher for asphdt rubber mixes compared to the
conventiond PG 76-16. The comparison was done a 70 °F and at 50% reduction
of initid diffness for dl mixtures. The ARAC mix resulted in gpproximately a 3
times gregter fatigue life than the conventiond mix. On the other hand, the AR-
ACFC mix resulted in 15 times gregter fatigue life than the conventiond mix.
These order of magnitudes of fatigue life for the three mixtures were rationd
congdering that the PG 76-16 mix had 4.20% binder content whereas the ARAC

and AR-ACFC mixtures had 6.8% and 8.8%, respectively.

140



7.2. THERMAL CRACKING

7.2.1. Indirect Tensile Tests

The indirect tensle test has been used extensvely in sructurd design research for flexible
pavements since the 1960's and to a lesser extent in HMA mixture design research. It is
the tet recommended for mixture chaacterizetion in the Long Term Pavement
Performance (LTPP) program and to support structural designs in the 1986 and 1993
AASHTO Desgn Guide(31,32). In fact, the indirect tendle test is one of the most
popular tets used for HMA mixture characterization in evaduating pavement structures.
The primary reason for its popularity is that cores from thin lifts can be tested directly in

the |aboratory (13).

The indirect tensle test is the test specified in AASHTO T-283 for evduating an HMA
mixture' s susceptibility to moisture damage.  Properties that have been used for evauating
moisture damage and fracture-related distresses are the reslient modulus (repested
loadings) and the indirect tensile strength and falure strain (congtant rete of loading) @3).
Although the relidbility of the indirect tendle test to detect and predict moisture damege is
questionable, no other test has been found to provide consstent results a a higher
reliability. In addition, SHRP recommended that the indirect tensile creep test method be

used for characterizing HMA mixtures for thermal cracking predictions (13).

The indirect tensle method is used to develop tendle sresses dong the diametral axis of

the test specimen. The test is conducted by agpplying a compressive load to a cylindrica
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specimen through two-diametrically opposite arc-shaped rigid platens, as shown in Figure
56. The test specimen is placed with its axis horizonta between the platens of the testing

machine.

Based upon the theory of dadticity, the dtrain can be expressed in three dimensons.
Idedly, the three-dimensiona andlysis can be reduced to a two-dimensond andyss for
goecid dement sze and loading conditions. For the case of a circular disk, the two

dimensond analys's can be categorized as plane stress (13).

AY
{ P (Load)

\2J

/|

t P (Load)

Figure 56. Schematic Diagram of the Indirect Tensile Test
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7.2.2. Background for theIndirect Tenslle Strength Test

The indirect tensle drength is messured by applying load a a condant rate of
deformation of 125 mm/min (0.5 in/min). The strength test was stopped when the applied
load went to zero (i.e, totd falure of the specimen occurred). The horizontal tensile stress

a the center of the test specimen is cdculated usng equation 7.9, while the tensle drain

is caculated usng equation 7.10 (13).
Horizontd Tendle Stress=s,, :% (7.9)
where:
d = the diameter of the specimen.
P = the applied load.
t = the thickness of the test specimen or core.
+
Horizontal Tensile Strain= e, =d,, (%) (7.10)

where:
dxx = Horizontal deformation across the test specimen.
m = Poisson’ srétio.

a, b, d = Integration constants that are specimen geometry dependent.

The only unknowns in the equation are Poisson's ratio and the integration congtants.  The
integration condants are dependent on the geometry of the test specimen. The
determination of Poisson's ratio requires both horizontal and verticd deformeation

measurements made on the specimen or it can be cdculated from a regresson equation
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developed by Mirzaand Witczak, as shown below (34).

0.35

m=0.15+
1+ exp(3.1849- 0.04233xTemp)

(7.12)

Temperature in the above equation is expressed in degree Fahrenhait.
Parameters from the indirect tensle srength test that can be conddered for mixture
cracking performance incdlude  Indirect Tendle Strength (S), Horizonta Strain a Failure
(esr), Totd Fracture Energy G:), Fracture Energy to Failure (). These indirect tensle
srength parameters are defined below (13):
The maximum horizonta tendle dress a the center of the specimen and the
horizontal tendle strain were calculated according to the chart shown in Figure 57.
The indirect tendle drength is the maximum stress developed a the center of the
gpecimen in the radid direction during the loading operation for a fixed geometry.
The fracture energy is calculated as the area under the load-vertical deformation
curve as shown in Figure 58.
The energy until falure is cdculaed from the reslts of this ted as shown in

Figure 59.
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Tensile Strength (S,)

Stress s (psi)

€
ft Strain (e )

Figure 57. lllugtration Showing the Determination of the Indirect Tendle Strength

Fracture Energy
Area under curve

LOAD (Ibs)

VERTICAL DEFORMATION

Figure 58. Determination of Tota Fracture Energy

145



Energy until Failure
Area under curve till max load

LOAD (Ibs)

VERTICAL DEFORMATION

Figure 59. Determination of Energy to Peak Load

7.2.3. Background for the Indirect Tensile Creep Tests

The ddtic creep test in the indirect tensle mode uses a singular load-unload cycde. A
congtant dtetic load is applied to the specimen for a time of 1,000 seconds and horizontal
deformations are recorded during the loading time. The gpplied load is a percentage of

the horizontd tensle strength of the materia (equation 7.9).

The horizontal deformations are recorded for another 1,000 seconds after the load is

removed to measure the recovery of the specimen. The stresses and dtrains are caculated

using equations 7.9 and 7.10.

Both horizonta and verticad LVDT'’s are used during the test to measure the deformations

under the datic load to caculate Poisson's ratio. Poisson’'s ratio dso can be calculated

using equation 7.11, when only horizonta deformations are measured.
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7.23.1. Strain-Time Response Curve

The phenomenon of the datic creep test is shown in Fgure 60, which illudrates the
typicd dran-time response of an HMA mixture. Figure 60 shows the sdient components
of the load/unload cycle. The tota drain (er) can be divided into recoverable and
nonrecoverable components or time-dependent and time-independent components, just as
they are for the triaxid compressve creep test. Equation 7.12 describes the four

components composing the total strain (13).

e; =g, +e,+e, +e, (7.12)
where:
er = the totd dtrain.
€e = the dadtic gtrain, recoverable and time-independent.
€p = the plagtic strain, irrecoverable and time-independent.

€ve = the visco-eadtic dtrain, recoverable and time-dependent.

ey = thevisco-plastic srain, irrecoverable and time-dependent.

The dadic and visco-dadtic drain components exist during both loading and unloading

conditions, while the plagic and visco-plagic components exis during the loading

portion.
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Figure 60. Typicd Strain-Time Response for HMA Mixtures for a Static Creep Test

7.2.3.2.  ModulugCompliance Components

The modulus from the creep test is caculated usng equation 7.9, so the compliance is

defined as;
d,, *t

PO = o

(7.13)
The mathematical form to represent the compliance from the indirect tengle test is amilar
to the compliance determined from the triaxiad compressve creep test and is given by

equation 7.14.

D) =D, t™ (7.14)
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where:

D(t) = totd compliance a any time.
t = loading time.
D1, my = materid regresson coefficients.

The regresson coefficents "D1" ad "my" are generdly referred to as the compliance
parameters as shown in Figure 61. These parameters are the generd indicators of the
creep behavior of the materids, amilar to those determined from the triaxial compressive
creep test. The Paris law’'s fracture parameters can be aso caculated in accordance with

the procedure recommended by Roque, et d. (35)

Creep Compliance

Log D(t)
D(t) = D1 * tml
D(1000)
m;
1
o]
1 sec Log Time 1000 sec

Figure 61. lllugtration of Cregp Compliance versus Time from aStatic Creep Test
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7.2.4. Test Conditionsfor theIndirect Tensile Strength and Creep Tests

Both indirect tensle cracking tests were carried out according to the procedure described
in the draft indirect tensle tests protocol for the AASHTO 2002 Design Guide level 1 and
levd 2 (13). All test specimens were sawed from gyratory fabricated specimens. The test
goecimen was gpproximately 38 mm (1.5 in) in thickness and 150mm (6 in) in diameter.
At least two replicates were tested for each AR mix and at each test condition. Vertica or
horizontal LVDT's were used on the specimen for measuring the horizontal and verticd
deformation using a gage length of 76.2 mm (3 in) for both. The tests were carried out at
three temperatures: 0°C (32°F), -10°C (14°F) and -15°C (5°F). A typicd test setup is

shown in Figure 62.

Figure 62. Indirect Tendle Tests Set-Up.

150



7.2.5. TestsResultsand Analysis

7.2.5.1.

Indirect Tensile Strength Test

Reaults for the indirect tendle drength tests for both the AR mixes and an ADOT SRB

PG64-22 conventional mixture are summarized and reported in Appendix G. A maser

summary table for dl mixtures a three test temperatures reported in Appendix G is shown

in Table 18. The table includes reaults of tendle drength, dtrain a failure, fracture energy,

and energy until fallure. Fgure 63 through 67 are summary plots of the test results of dl

of the above properties.

Table 18. Magter Summary of the Indirect Tendle Strength Tests.

_ _ Energy
Target Air Tensile ) Fracture
Temp Max Load Strain Untll
Mix Voids Strength ] Energy )
@3] (Ibs) ~ | @Failure _ Failure
(%) (psi) (Ibsx inch) )
(Ibsx inch)
AR-ACFC 32 180 1231 83  347E-03 254 129
ARAC 32 110 1766 10§  247E-03 295 133
SRB PG64-22 32 70 33 271 143E-03 33( 231
AR-ACFC 14 180 1937 1371  147E-03 304 143
ARAC 14 110 2401 144  1.10E-03 287 133
SRB PG64-22 14 70 5753 431  9.85E-04 237 142
AR-ACFC 5 180 2249 1571  215E-03 204 111
ARAC 5 110 329 190 1.30E-03 184 84
SRB PG64-22 5 70 6074 444  7.05E-04 121 97
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Fgure 63. Indirect Tendle Strength Test — Tendle Strength Results
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Figure 64. Indirect Tendle Strength Test — Strain at Failure
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Figure 65. Indirect Tensle Strength Test — Fracture Energy
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a) ENERGY UNTIL FAILURE
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Figure 66. Indirect Tendle Strength Test — Energy Until Failure
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Fgure 67. Indirect Tensle Strength Test — Summarized Results
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Comparing the results of the tensle strength (Figure 63) for dl three mixtures, it can be
obsarved that the difference between the two AR mixtures are rdativedy smal and do not
exceed 25%. At the same time the SRB PG64-22 mix has 2.5 to 3 times higher srength
than the AR mixtures. The difference between the mixtures drength is increesng as the
temperature decreases. Higher therma cracking would be expected for mixtures with

lower tensle strength vaues.

The drain a falure results are shown in Figure 64. It can be observed that the AR-ACFC
mix has 140% larger drain than the SRB PG64-22 mix and 40% larger drain than the
ARAC mix. This trend was consstent as the temperature decreased, but the difference
between the mixtures aso decreased. Generdly, the higher the tendle drain at falure, the

less susceptible the mix to thermd cracking.

The most interesting result was observed for the fracture energy (Figure 65) and energy
until falure (Figure 66). At the higher temperature (32°F), the SRB PG64-22 mix
exhibited the highest fracture energy, followed by the ARAC mix and the AR-ACFC mix.
The difference between the mixes not exceeds 28%. At the lower temperature of 14°F the
order is reversed with smilar percentages difference between the mixtures. At 5°F this
reversed trend was even larger. Generaly, lower therma cracking should be expected as
the energy a falure or fracture energy is increased. Figure 65 and 66 favor this trend at

the colder temperature (14 and 5°F).
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Ancther interesting and important observation in Fgure 65 is that the fracture energy of
the AR-ACFC mix is 82% retained when the temperature drops from 32°F to 5°F. This
percentage is about 62% for the ARAC mixture. However, this drop in fracture energy is
ggnificant for the conventiond SRB PG64-22 mix which retains about 31% of its energy

at 5°F.

Figure 67 contains plots which summarizes the previous andyses for the four indirect
tendle drength test parameters. In Figure 67 (@), the highest strength is observed for the
SRB PG64-22 mx a dl three test temperatures, whereas lower drength vaues and little
difference is observed for the AR mixes. These results are not consstent to what is being
obsarved in the field. Figure 67 (b) on the other hand shows that higher tensle dtrains are
obtained for the AR mixtures at the three test temperatures. The difference between the
AR mixtures and the SRB PG64-22 mix is lower a 14°F, but it is digtinct at the other two

temperatures.

The mog interesting result was obtained from the fracture energy and energy until falure
parameters (Figure 67 (¢) and (d)). Higher fracture energy and energy until falure was
obtained for the AR mixes a 14°F and 5'F. Higher energy vaues result in lower thermd

cracking, which is condggtent with field observations for the AR, mixes.

Another important observation in Figure 67 (c) and (d) is the reduction in the energy

levels measured as temperature decreases from 32°F to 5°F. It is observed that the AR
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mixes energy loss is in the range of 18 to 38%; whereas as a sSgnificant loss for the SRB

PG64-22 mix (70%) was obtained.

7.25.2. Indirect Tensile Creep Test

The test results for the indirect creep test for the two asphdt rubber mixtures are
summarized and reported in Appendix G. Test results from a standard ADOT mixture
were not avalable. A maser summay table for dl mixtures and test temperatures
reported in Appendix G is shown in Table 19. The table contains average vaues for the
grain a time 1000 sec, in addition the creep compliance parameters (intercept, dope, and
compliance a time 1000 sec). FHgure 68 through 72 present summarized plots of al the

properties reported in Table 19.

Table 19. Master Summary of Indirect Tensile Creep Tes.

Target Air at D(t
_ Temp g _ P o ® D1
Mix o Voids t=1000sec | t=1000sec 5 ) my
) (Ibs) _ 10” (Upsi)
(%) (me) (V/psi)

AR-ACFC R 180 40.3 1595 343E-05 041 0.75
ARAC 2 110 402 1420 4,02E-05 323 0.36
AR-ACFC 14 180 1003 517 6.08E-06 119 023
ARAC 14 110 1003 290 3.65E-06 054 0.28
AR-ACFC 5 180 1499 86.0 6.69E-06 217 0.16
ARAC 5 110 1498 620 357E-06 0.86 0.23
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Fgure 68. Indirect Tenslle Creep Test — Strain at t= 1000s
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Fgure 69. Indirect Tensle Creep Test — Cregp Compliance at t= 1000s
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Figure 70. Indirect Tenslle Creep Test — Sope of the Compliance Curve
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Figure 71. Indirect Tensle Creep Test — Intercept of the Compliance Curve
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The results of drain at time 1000sec FHgure 68) show that the AR-ACFC mix has 12%
higher strain a temperature 32°F, 78% higher strain at 14°F, and 38% higher strain at

5°F. The lowest strain that both mixture had is at 14°F.

Congdering the creep compliance parameters, dope Figure 70) and intercept Figure 71)
gmilar trends to the indirect tensle srength test are observed. At higher temperature, the
AR-ACFC mix has higher dope and lower intercept than the ARAC mix. The differences
are vary sgnificant, 2 times larger dope and dmost 8 times smaler intercept. At 14°F the
order is reversed but with no so significant differences. At 5F, the difference between the

mixturesisincreasng.

7.2.6. Summary for theIndirect Tensle Tests
Both indirect tensile cracking tests were carried out according to the procedure described
in the draft indirect tensle tests potocol for the AASHTO 2002 Design Guide. The tests
were carried out at three temperatures. 32F, 14F and 5F. Based on test results and
andyssthe following conclusons are made:
The test reaults of the Indirect Tendle Strength showed that the SRB PG64-22
mix had about 3 times higher dtrength compared to AR mixtures. This is not
condsent with fiedd observations, where the AR mixes show superior
performance compared to standard asphat concrete mixtures when resistance to
therma cracking is consdered. Based on this knowledge, it can be concluded

that the tendle strength is not good indicator of performance for AR mixtures.
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The results of drain at failure showed that the AR-ACFC and ARAC mixes had
higher values than the SRB PG64-22 mix. Asphdt rubber mixtures with higher
drain at failure have higher resstance to therma cracking.

The results of energy until falure and fracture energy from the indirect tensle
drength test, as wel as the results of creep compliance from the indirect tendle
creep test indicated that AR mixtures, and especidly the AR-ACFC mix, are not
sengitive for decrease in temperature compared to the SRB PG64-22 mixture.
Higher energy vaues are indicative of more resgtant to therma cracking. At
32°F, the SRB PG64-22 mix performed better than the AR mixtures, but when
the temperature dropped to a level between 32°F and 14°F, the SRB PG64-22
mix very rapidly logt its “good properties (performance)”, while the AR-ACFC
and ARAC mixes kept their “good performance’ as higher energy is necessary
to fracture the specimen. This rdaive insengtivity for changes in temperature
makes the AR mixtures, and especidly the AR-ACFC mix better resstance to
therma cracking in thefidd.

In summary, while indirect tendle drength test parameter did not provide good
explanation to the thermd cracking behavior of the AR mixes the dran a
falure and energy parameter from the same test provided better indication of
the field behavior of the mixes.

Perhgps finding of “the turning point” (temperature a which the trend of

mixtures properties change) may hdp determining the temperature below
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which the asphat rubber mixtures could be most efficient in their resstance to

thermd cracking.
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8. SUMMARY, CONCLUS ONSAND RECOMMENDATIONS

8.1. Summary

In the spring of 2001, ADOT in cooperation with FNF Congtruction Inc. entered into a
ressarch and tesing plan with Arizona State Universty (ASU). The plan involves
characterizing AR mixes and binders in order to determine their properties for future use
in the AASHTO 2002 Pavement Design Guide. This firg project, named Buffdo Range
TI-Canyon Diablo is located on Interstate 40 at Mile Posts 224.7 to 229.9, close to
Window Arizona. The AR overlay project was congructed by FNF Construction Inc.
The project congsted of removing by milling off 2.5 inches of the old cracked pavement
full width and replacing it with 2 inches of the AR ggp graded mix followed by 0.5 inch
of AR open graded mix. The congtruction took place in June of 2000. Materiads for the
ARAC — Gagp Graded mixture and AR-ACFC — Open Graded mixture were collected

during congtruction.

The focus of the laboratory experimentd program a ASU was on conducting tests that
were recommended by the NCHRP 9-19 Project. These tests dedt with recommending
Simple Performance Tests (SPT) for the evduation of asphat mixtures. The god was to
adso compare the peformance of these AR mixtures to other conventiond asphalt

mixtures that are also being tested at ASU.

Conventional _binder consigency tests (penetration, softening point and viscosity) were

conducted on the Crumb Rubber Modified (CRM) binder to determine whether there
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were any unique characteridics or difficulties in handling the materid. Consgtency tedts
across a wide range of temperatures were conducted according to the accepted American

Society for Testing and Materias (ASTM) practices.

Triaxid Shear Strength tests were conducted at unconfined and confined conditions at

100°F. These tests provided the standard coheson and the angle of internd friction
parameters of the mixtures. The Mohr-Coulomb fallure envelope was developed for each
tested mixture. The test results obtained were compared to results available a2 ASU for

conventional ADOT dense graded mixtures.

Repeated Load and Static Gegp Permanent Deformation tests were conducted at 100 and

130°F usng unconfined and confined SPT protocols. Many test parameters were
evduaed induding the tetiary flow: flow time and flow number of repetitions. Both
parameters / tests were among the selected SPT candidates. The test results obtained were
compared to results avalable at ASU for conventiond ADOT dense graded mixtures. In
addition, few test gpecimens for the ARAC gap graded mix were prepared and tested a
lower air void content (7%) than that reported in the fidd (11%) to study the effect of air

void variations on the gagp graded mixture.

Dynamic Complex Modulus (E*) tets were conducted at unconfined and confined

conditions, and the E* mader curves were developed for each mixture. The E* test

results for the AR mixes were dso compared with conventiond dense graded mixtures
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test results available from previous studies & ASU. A modular (E*) ratio was caculated
and a ranking order was established for a variety of mixtures usng a conventiond PG 64-
22 mixture as areference.

Congant Strain_Fatigue tests were conducted at different test temperatures (40, 70 and

100°F) using the beam fatigue apparatus proposed by the Strategic Highway Research

Program (SHRP). Indirect Tenslle Cracking tests (Strength and Creep) were carried out

according to the procedure described in the draft indirect tensle tests protocol for the

AASHTO 2002 Design Guide. The tests were carried out a three temperatures. 32, 14

and 5°F.

8.2. Conclusons and Recommendations

8.2.1. Binder Characterization

The conventiond asphdt cement tests were shown to be adequate in describing
the viscosty-temperaiure susceptibility of crumb  rubber modified asphdt
cement.

This favorable viscodsty-temperature susceptibility reationship (A and VTS
parameters) appeared to relate to the observed field performance behavior. Such
behavior is characterized as less low temperature cracking and good resistance
to permanent deformation at high temperatures.

The A and VTS parameters developed for the crumb rubber modified binder
provide the very necessary input to predict mixture giffness (E*) that is the

building block used in the new 2002 Design Guide.

170



It is recommended to conduct further testing on additiond CRM binders to
confirm the unique characterigtics found in this study; and to provide further

indght and experience in handling this materia using conventiona binder tests.

8.2.2. Triaxial Shear Strength Test

The results of the coheson parameter showed that the asphdt rubber open
graded mix (AR-ACFC) had much lower resstance to shearing stresses than the
other two mixes. This observatiion must be supported by information that the
AR-ACFC is utilized as a mixture for non-dructurad layer. For this Buffao
Range project the AR ACFC mix was placed in 0.5 in lift, and for this type of
application, the shearing dress is not so critica. At the same time, the AR-
ACFC mix had the highest vaue of angle of internd friction, which indicated
that this materid has the largest capacity to develop strength from the gpplied
loads, and hence the smallest potentia for permanent deformation.

Comparing the results for the SRB PG64-22 and ARAC mixtures it can be
obsarved that dthough the ARAC mix had smdler coheson than the SRB
PG64-22, it had dso larger angle of internd friction, and smdler potentid for
permanent deformation.

Andyzing the falure envelope trend lines it can be noticed that a higher
confinements levels, there are smdler difference in shear dress between dl
three mixtures. Theoreticaly, a confinement levd exists a which for the same

normd sress, thereis equa shear stressfor al three mixtures.

171



8.2.3. Permanent Deformation Tests
In both unconfined tests (Static Cregp and Repesated Load) conducted at 130°F,
the ARAC mixture indicated superior performance, much higher resstance to
permanent deformation compared to the sandard ADOT SRB PG64-22
mixture.
The ARAC mixture falure (flow) occurred after reaching 5 to 10 times larger
grain than the SRB PG64-22 mix. Larger drain at falure are indicative of good
mixture stability to the gpplied loads
The trends for the Static Creep and the Repeated Load tests were very similar,
and the ARAC mix peformed very wdl in both tests. However, better results
were obsarved in the Static Creep test. Therefore, improved mixture stability
under static load may aso be expected from the ARAC mixture.
The AR-ACFC mix generdly showed lower resstance to permanent
deformation (in both unconfined and confined tests) compared to the other
tesed mixtures. For the unconfined tedts, this was attributed to severa factors:
much higher ar voids lack of confinement that this materid normaly
experience in the field, and higher binder content. Note that the AR-ACFC mix
is a materid desgned for nonstructurd layers and its thickness usudly does not
exceed 1 inch. For the confined tests, the laboratory poor performance was
attributed to the lack of adequate confinement level applied, which does not
represent the level of confinement that the materid experiences in the fidd.

Therefore, the open graded friction course (AR-ACFC mix) should not be
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compared in a routine tesing mode (that was utilized in this sudy) to materids
like the ARAC — Gap graded asphdt concrete or the Sdt River Base dense
graded mixtures, when resistance to permanent deformation is considered.

Experience from the confined tests in this study showed that the sdlected Stress
level combinations in the laboratory were not effective and further work on
seecting appropriate stress levels for these confined tests should be conducted.

The ar voids senstivity sudy showed that the ARAC mix compacted to 7% air
voids would have much better peformance and less potentid for permanent
deformation than the same mixture compacted to 11% ar voids This finding is
consstent with observations found for dense graded mixes. Therefore, it would
be advisable to use a smilar type of compaction quaity control for the AR gap
graded mixtures.

This sudy showed promidng results of utilizing the flow time / flow number of
repetitions parameters to evauate / verify the fiedd peformance of the asphdt
rubber mixtures. Further studies including different levels of confined tests are

recommended.

8.2.4. Dynamic (Complex) Modulus Test

The dynamic modulus tests results obtained in this study showed that the use of
crumb rubber modified binders enhances the properties of the asphat mixture,
both at low and high temperatures.

When conducting dynamic modulus tests on asphdt rubber mixtures usng
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different levels of confinement, a Sgnificant increese in the modulus vaues was
observed a high temperatures and low-test frequencies. The increment was not
as dgnificant when the tet was peformed a low temperatures for the AR-
ACFC open graded mix.

When comparing the modulus vaues of unconfined and confined tests, the
results showed that the level of confinement chosen would be consderable and
would have an impact on the evduation of the mixture peformance. This was
especidly true for the asphdt rubber (AR-ACFC) open graded mixture.

The results of the confined dynamic modulus tests ranked both of the asphalt
rubber mixture on top in their resstance to low temperature cracking and high
temperature permanent deformation.

In severd cases, equivalent unconfined modulus test results were obtained at
test temperatures of 100 and 130°F. This behavior was attributed to the
decreased role of the asphat cement and the increased role of the crumb rubber
paticles, which seemed to dominate the behavior of the mix as the test
temperature increased. This type of behavior confirms the observed good fidd
performance of these mixes againg permanent deformation or rutting.

The Witczak Dynamic (Complex) Modulus Predictive Equation was vadid for
the ARAC mixture. This was dtributed to the fact that the database used for the
Predictive Equation had mixtures with smilar characterigics (volumetrics) to
those for the ARAC mixture. On the other hand, the Predictive Equation was

not vdid for the AR-ACFC mixture. This was essentidly due to its aggregate
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gradation and the air void content, as both were not represented in the database
used for developing the equation.

This dudy showed very promisng results of utilizing the dynamic modulus test
to evduate / veify the fidd peformance of the asphdt rubber mixtures.
Because of the type of aggregate grading that these mixtures have (gap and open
graded), further evauaion usng confined testing is recommended to verify
conclusions arived a in this sudy. In addition, when comparing dense, gap and
open graded mixtures, confined dynamic modulus tests are recommended to
rank and compare the expected field performance of the different mixtures. It is
emphasized that this is not contradictory to findings of NCHRP 9-19 Smple
Performance Project, where the unconfined dynamic modulus test was
recommended as one of the three candidates for the smple performance test. It
is important to recognize that dl of the mixtures evauated under the first phase
of NCHRP 9-19 Project were dense graded mixes, and the confinement leve

was not found to be a discriminating factor.

8.2.5. Fatigue Cracking Testing
The fatigue models developed for the AR mixtures in this sudy had excdlent
measures of accuracy and were raiond in that lower fatigue life was obtained
as the test temperature decreased.
The fatigue life was found to be higher for asphdt rubber mixes compared to

the conventiond PG 76-16. The comparison was done at 70 °F and at 50%
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reduction of initid diffness for dl mixtures The ARAC mix resulted in
agoproximately a 3 times greater fatigue life than the conventiond mix. On the
other hand, the AR-ACFC mix resulted in 15 times greater fatigue life than the
conventiond mix. These order of magnitudes of fatigue life for the three
mixtures were rationa conddering that the PG 76-16 mix had 4.20% binder

content whereas the ARAC and AR-ACFC mixtures had 6.8% and 8.8%,

respectively.

8.2.6. Thermal Cracking Tests

The test results of the Indirect Tendle Strength showed that the SRB PG64-22
mix had about 3 times higher strength compared to AR mixtures. This is not
conssent with fiedd observations, where the AR mixes show superior
performance compared to standard asphat concrete mixtures when resistance to
therma cracking is consdered. Based on this knowledge, it can be concluded
that the tendle drength may not be a good performance indicator for asphat
rubber mixtures,

The results of drain at failure showed that the AR-ACFC and ARAC mixes had
higher vaues than the SRB PG64-22 mix. Asphdt rubber mixtures with higher
drain at falure have higher resstance to therma cracking.

The reaults of energy until falure and fracture energy from the indirect tendle
drength test, as wdl as the results of creep compliance from the indirect tendle

creep tedt, indicated that AR mixtures, and especidly the AR-ACFC mix, are
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not sendtive for decrease in temperature compared to the SRB PG64-22
mixture. Higher energy vdues ae indicaive of more resgant to thermd
cracking. At 32°F, the SRB PG64-22 mix peformed better than the AR
mixtures, but when the temperature dropped to a level between 32°F and 14°F,
the SRB PG64-22 mix very repidly logt its “good properties (performance)”,
while the AR-ACFC and ARAC mixes kept their “good performance’ as higher
energy was necessty to fracture the specimen. This redive insengtivity for
changes in temperature makes the AR mixtures, and especidly the AR-ACFC
mix better resstance to thermd cracking in the field.

In summary, while indirect tensle srength test parameter did not provide good
explanation to the thermd cracking behavior of the AR mixes the dran a
falure and energy parameter from the same test provided better indication of
the field behavior of the mixes.

It is recommended to conduct future studies to find “the turning point”
temperature (temperature at which the trend of mixtures properties change).
This may hdp determining the temperature below which the asphdt rubber

mixtures could be mogt efficient in their resstance to thermd cracking.
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